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Alignment  Measurements  in  Orbitally  Selective 
Collision-induced  Fluorescence 

Daniel  M.  Segal41  and  Keith  Burnett 

Clarendon  Laboratory,  University  of  Oxford,  Parks  Road,  Oxford  0X1  3PU 


The  results  of  an  experiment  in  which  the  polarization  of  collisionally 
redistributed  near-resonant  light  was  monitored  has  been  analysed.  If  the 
incident  light  is  polarized  the  fluorescent  light  may  also  be,  with  its  degree 
of  polarization  depending  on  the  collision  dynamics.  The  experimental 
results  have  been  analysed  using  a  model  in  which  the  collision  complex  is 
treated  as  a  transient  quasi-molecule.  In  this  model  the  atom-perturber 
complex  is  excited  directly  into  a  molecular  orbital  which  rotates  through 
the  collision.  The  complex  then  decouples  and  the  atom  radiates  at  a  later 
time.  The  rotation  experienced  during  the  collision  accounts  for  the 
depolarization  of  the  light.  A  knowledge  of  the  interatomic  potentials  for 
the  system  under  study  is  necessary  for  a  quantitative  application  of  the 
theory.  The  2537  A  (3P,-‘So)  line  in  Hg  perturbed  by  Kx  was  chosen  for 
the  present  work  since  the  interatomic  potentials  for  this  system  are  well 
documented.  It  is  shown  that  the  primitive  form  of  the  decoupling  radius 
model  is  inadequate  to  account  for  the  experimental  results  quantitatively. 
Extensions  and  modifciations  to  the  model  that  overcome  some  of  these 
difficulties  are  discussed.  The  results  highlight  the  poor  orbital  selectivity 
attainable  in  this  type  of  experiment  when  the  molecular  potentials  do  not 
separate  sufficiently  rapidly  as  the  collision  partners  approach  one  another. 


1.  Introduction 

Orbitally  selective  collisions  and  reactions  have  received  a  great  deal  of  attention  in 
recent  years.  The  studies  most  closely  related  to  the  discussion  here  are  those  involving 
energy  transfer  in  alkaline  earths1,2  and  the  photochemistry  of  Hg  in  van  der  Waals 
complexes.3  A  central  question  in  these  studies  is  how  atomic  orbitals  evolve  into  their 
molecular  counterparts.  We  want  to  know  for  example  if  selection  of  asymptotic  atomic 
states  leads  to  a  selective  population  of  molecular  states. 

Using  a  tunable  laser  one  can  excite  collisions  before  or  after  they  cross  the  boundary 
between  a  region  of  small  interatomic  distances,  in  which  the  molecular  picture  holds, 
and  a  region  of  larger  interatomic  separations  in  which  the  partners  act  as  free  atoms. 
This  is  the  type  of  experiment  we  shall  analyse  below. 

Grosser4  discussed  in  detail  the  conflict  between  the  atomic  and  molecular  pictures 
of  'Si-'P,  atom-atom  collisions.  The  disagreement  between  the  two  pictures  becomes 
apparent  when  one  considers  the  angular  momentum  of  the  states  involved.  When  the 
interaction  between  the  collision  partners  is  small  the  motion  should  resemble  that  of 
free  atoms,  and  the  angular  momentum  vectors  should  remain  fixed  in  space.  However, 
when  the  interaction  between  the  pair  is  strong  a  molecular  picture  is  appropriate  and 
it  is  the  projection  of  the  angular  momentum  vectors  onto  the  internuclear  axis  that 
should  be  conserved.  This  axis  rotates  by  180°  in  a  collision.  The  two  pictures  are 
therefore  in  severe  conflict. 

Grosser  pointed  out  that  when  one  chooses  to  approach  a  problem  of  this  type  using 
molecular  eigenfunctions  (I  and  n  states  for  the  'P|-'So  transition  he  considered)  a 
Z-n  coupling  term  becomes  important  at  large  r  and  A  is  not  conserved  in  this  region. 
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The  coupling  term  can  be  regarded  as  being  due  to  Coriolis  forces  exerted  on  the 
electrons  in  the  frame  of  the  rotating  axis.  These  Coriolis  forces  will  always  be  present; 
however,  at  small  r  they  will  be  negligible  in  comparison  to  the  forces  which  couple 
the  wavefunction  to  the  molecular  axis. 

The  strength  of  the  coupling  of  the  electronic  angular  momentum  to  the  molecular 
axis  at  a  given  r  is  represented  by  the  £,I1  potential  difference.  The  molecular  picture 
becomes  inappropriate  when  this  coupling  is  comparable  to  the  Coriolis  coupling 
between  the  £  and  II  states. 

A  utilitarian  method  of  dealing  with  this  problem  in  semiclassical  calculations  is  to 
define  a  radius  RL  within  which  the  molecular  picture  holds  rigorously  and  outside  of 
which  the  atomic  picture  is  used.  In  an  experiment  in  which  an  excited  atom  undergoes 
collisions  KL  is  the  ‘locking  radius’,  Le.  the  interatomic  separation  at  which  the  atoms 
are  considered  to  lock  together  to  form  a  rigid  molecule  which  then  rotates  through  the 
collision.  We  shall  discuss  this  approach  in  the  context  of  the  experiments  we  have 
performed.  However,  we  have  monitored  the  polarization  of  fluorescence  emitted  by 
an  atom  after  absorption  during  a  collision.  Under  such  circumstances  one  would 
normally  expect  excitation  to  occur  directly  to  an  axis-coupled  molecular  state.  For 
this  type  of  experiment  then  RL*  Rdc  is  a  radius  at  which  the  partners  decouple  to  their 
asymptotic  atomic  states  when  the  collision  is  completed.  The  utility  of  this  approach 
hinges  on  how  abruptly  in  r  the  changeover  occurs.  This  in  turn  depends  on  the  evolution 
in  r  of  the  £-11  potential  difference.  A  method  pertinent  to  our  experiment  and  based 
on  the  idea  of  a  decoupling  radius  has  been  described  by  Lewis  et  aLs  Fig.  1  illustrates 


(a) 


(iii) 


m 


Hf-I-  Orbital  reorientation  during  a  collision.  The  time  evolution  of  the  molecular  orbitals  is 
illustrated  from  (i)  the  point  of  absorption  at  Rc,  the  Condon  point  to  (ii)  the  point  of  decoupling 
at  A*,  for  the  three  cases  of  excitation  to  (a)  the  £  state,  (6)  the  II*  state  and  (c)  the  IT  state. 
Radiative  decay  occurs  at  point  (iii).  The  reorientation  angle  4>r  is  equal  to  <£  +  «„.  Note  route 
(c)  causes  no  reorientation  so  that  the  n  state  is  overall  leu  depolarizing. 
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the  essential  features  of  the  model.  The  central  result  is  an  expression  for  the  detuning 
dependent  atomic  alignment  as  a  function  of  the  amount  of  reorientation  (given  by  the 
angle  4> )  experienced  during  the  collision  and  the  angle  6a,  where  the  subscript  a  can 
be  either  2  or  II.  This  result  is  then  averaged  over  impact  parameters  and  velocities. 

The  average  over  impact  parameters  is  transformed  into  an  average  over  0O .  Explicitly 
we  use 


<•  •  •>. 


r*n 

« 

J -n/2 


cos  ea  d0„<-  •  •>. 


(1) 


It  is  possible  to  express  the  polarization  of  the  fluorescence  in  a  form  dependent  on 
only  Ra/Rdc  and  cos  Once  the  average  over  8a  has  been  accomplished  the  polarisa¬ 
tion  can  be  expressed  as  a  function  of  Xa  *  R<,/ Rdc  alone:6 

15+15Xn  +  Xn  +  g(Aw)9X| 

55  +  5Xn  +  3Xn  +  g(A«)(25  +  3X|)  1 

In  this  expression  g(Aw)  is  the  probability  of  exciting  the  2  state  relative  to  exciting  a 
II  state.  A  classical  form  for  this  function  is  found  by  noting  that  the  probability  of 
absorption  at  to  is  given  by  the  simple  quasistatic  result, 

nyiirRl 


/(*>)  = 


\dV/&R\t 


(3) 


The  usual  Boltzmann  factor  is  missing  as  a  result  of  neglecting  the  full  integration  over 
velocities  (using  an  average  velocity  only).  g(A«)  can  then  be  written  as 


(4) 


The  polarization  Pn,  measured  when  excitation  is  via  the  II  curve  only,  is  obtained 
by  letting  g(Atu)  — ►  0.  Conversely  Px  is  obtained  by  letting  g(Aa>)  —►  oo.  A  range  for 
Pa  can  be  deduced  by  letting  Xa  — ►  1  and  0  as  limiting  cases.  It  should  be  noted  that 
there  is  hardly  any  overlap  between  the  ranges 

0<PS(%)<32 

27  <  Pn(%)  <62.  (5) 

If  the  excitation  takes  place  to  only  one  potential-energy  curve  the  polarization  of  the 
fluorescence  will  label  it  uniquely  as  a  2  or  II  curve.  The  dependence  of  the  polarization 
of  the  fluorescence  on  the  shape  of  the  potentials  enters  the  problem  in  two  ways: 
directly,  through  R„(A«)  and  indirectly  through  the  expression  g(Ao>)  which  weights 
the  Px  and  Pn  contributions. 

For  any  model  based  on  the  idea  of  a  decoupling  radius  to  be  useful,  a  sensible  way 
of  choosing  Rdc  must  be  found.  Grosser  investigated  the  problem  by  writing  down 
coupled  equations  for  the  probability  amplitudes  of  assumed  molecular  eigenfunctions. 
He  started  with  an  eigenfunction  of  pure  2  character  at  large  r  and  integrated  his 
equations  to  smaller  r.  Initially  as  r  decreases  the  state  begins  to  take  on  a  certain 
amount  of  II  character.  At  small  r  when  the  Coriolis  term  becomes  negligible  the 
solutions  for  the  probability  amplitudes  begin  to  oscillate  about  a  mean  value.  In  this 
region  A  is  conserved.  The  onset  of  such  oscillations  is  an  indication  that  the  transition 
zone  between  the  atomic  and  molecular  regions  has  been  reached.  Using  the  condition 
that  the  Coriolis  coupling  be  comparable  to  the  2-11  potential  difference  he  was  able 
to  find  an  analytical  form  for  Rdc  when  Vx-  Vn  can  be  written  as  an  inverse  power  law 
in  r.  His  result  is  given  by 


Rac  — 


AC„ 


(n  ~  l)fip| 


(6) 
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for  Vs-  Vn  =  AC„/r".  Lewis  et  al.  choose  to  define  Rdc  through 

7!Vx(Rdc)-(Vn(Rdc)|  =  -  (7) 

n  rc 

on  the  grounds  that  ft/ rc  is  the  smallest  energy  separation  that  the  collision  can  discern. 

In  an  experimental  test  of  the  decoupling  radius  model  in  a  system  for  which  the 
potentials  are  well  known  Rdc  acts  as  the  only  parameter  which  need  be  adjusted  to  fit 
the  data.  The  model  will  be  deemed  a  success  if  a  good  fit  to  the  data  can  be  achieved 
with  a  single  Rdc  which  is  independent  of  impact  parameter  and  velocity. 

In  this  paper  we  will  analyse  our  experimental  results  for  Hg  3P,-'S0  interacting  with 
a  bath  of  Kr  perturbers.  The  experimental  procedure  has  been  described  elsewhere.7 
Previous  polarization-monitored  collisional  redistribution  experiments  have  been  con¬ 
ducted  by  Alford  et  al*  for  the  case  of  a  /  =  0  — *  1  transition  in  Sr  and  Ba  perturbed 
by  the  rare  gases  and  by  Kroop  and  Behmenburg9  for  the  J  =  5  §  case  in  Na  perturbed 

by  Ar.  To  perform  a  quantitative  test  of  redistribution  theory,  in  particular  the  decoupling 
radius  model,  a  system  must  be  studied  for  which  the  interatomic  potentials  are  well 
known.  The  comparison  between  theory  and  the  Ba  and  Sr  experiments  has  been 
hampered  by  a  lack  of  knowledge  about  the  interatomic  potentials  for  these  systems. 
While  good  potentials  are  available  for  the  Na-Ar  molecule  the  interpretation  of  the 
results  in  terms  of  a  simple  model  for  the  collision  is  complicated  by  the  presence  of 
fine  structure. 

The  availability  of  interatomic  potentials  for  the  Hg(2537  A)-Kr  J -0-+  I  system 
(e.g.  Grycuk  and  Czerwosz,10  Fuke  et  al.")  is  the  reason  for  its  choice  as  the  subject  of 
our  study.  Section  2  discusses  the  potentials  put  forward  by  these  authors  and  proposes 
a  set  of  composite  potentials  for  use  in  our  analysis.  In  section  3  we  present  the  results 
of  our  calculation  based  on  this  model  and  contrast  these  with  previous  work  in  the 
field.  In  section  4  we  discuss  the  reasons  behind  the  failure  of  the  model  for  the  system 
studied.  We  suggest  the  type  of  analysis  necessary  to  get  good  agreement  for  our 
experimental  case.  In  section  5  we  draw  our  conclusions  and  comment  on  implications 
for  the  prospect  of  orbital  selectivity  in  this  type  of  interaction. 


2.  Interatomic  Potentials  for  Hg-Kr 

2.1.  General  Remarks 

Many  of  the  polarization-monitored  collisional  redistribution  experiments  performed 
to  date  have  dealt  with  the  case  of  a  1  Pj— *S0  transition  and  the  corresponding  pT,  pv 
and  p2  orbitals  of  the  molecular  picture.  The  decoupling  radius  model  is  formulated 
by  Lewis  et  al.  for  this  system.  We  now  examine  the  complications  that  arise  in  the 
case  of  the  Hg  2537  A  intercombination  line  (3P,-'S0). 

With  the  breakdown  of  L-S  coupling  the  only  good  quantum  number  for  the  atomic 
angular  momentum  is  J.  Similarly,  in  the  molecular  picture,  A  (projection  of  orbital 
angular  momentum  on  the  intemuclear  axis)  is  no  longer  a  good  quantum  number  and 
only  O  =  A  +  2  is  conserved.  (2  is  the  projection  of  total  spin  on  the  intemuclear  axis.) 

In  the  atomic  case,  transforming  from  the  |  LSMlMs)  basis  to  the  | JM)  basis  is 
achieved  through 


|/Af>  =  I  \LSMlM,XLSMlM,\JM) 

Mt,Ms 


s 

M, 


J  \  (2-/+1>'/2 
-M/(-1)l's+m 


\LSMlMs). 


(8) 
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We  now  identify  the  z  axis  as  the  intemuclear  line  and  make  the  substitutions  M  =  ft, 
Ml  =  A  and  Ms  =  2.  For  the  ft  =  0  case  this  gives 

J  |a =o,2=o) 

+  (-!  1  i)lA - l.S-0 


+('  1 
\i  -i 

> 

II 

M 

II 

1 

(9) 

Since  the  first  of  the  three  Wigner  3 -j  symbols  is 
of  |A|  =  1  states.  For  the  ft  =  1  case  we  find 

zero  this  yields  an  expression  in  terms 

[)|A=1,2  =  0> 

+(■  1  ') 
\0  1  1/ 

|A  =  0,2=1)J 

(10) 

giving  an  expansion  in  A  =  1  and  A  =  0  states.  The  state  \J  =  1,  ft  =  0)  is  thus  expressed 
as  a  sum  over  IT  states  alone,  whilst  the  state  \J  =  1,  ft  =  i)  contains  a  mixture  of  2  and 
IT  states.  The  labels  of  the  molecular  states  for  Hg-Kr  can  be  assigned  as  X  '0+  (ft  =0) 
for  the  ground  state  and  A  V  (ft  =  0)  and  B’l  (ft  =  ±l)  for  the  excited  states  (i.e. 
Hund’s  coupling  case  C.) 

We  are  now  in  a  position  to  make  some  qualitative  remarks  about  the  interatomic 
potentials  for  Hg-RG  systems  when  the  rare-gas  atom  is  in  its  ‘S0  ground  state.3  The 
B  state  has  two  degenerate  components  with  ft  =  ±1.  These  states  contain  an  admixture 
of  2  component  and  since  it  is  A  that  governs  the  electrostatic  interactions  these  states 
will  become  repulsive  at  larger  r  than  the  A  state.  Furthermore,  in  the  region  where 
the  r~ 6  term  dominates  the  B  state  is  more  attractive  than  the  A  state.  The  result  is  a 
shallower  potential  well  for  the  B  state  than  for  the  A  state  and  a  resulting  curve-crossing 
as  shown  in  fig.  2. 

The  ground  state  is  a  2  state  and  is  expected  to  have  a  fairly  shallow  well.  However, 
in  the  ground  state  the  electrons  are  closely  bound  and  valence  repulsion  sets  in  at 
smaller  r  than  for  the  excited  states.  The  ground-state  well  is  therefore  deeper  than  the 
well  in  the  B  state  and  occurs  at  smaller  r.  From  the  general  shape  of  the  potentials  we 
expect  the  red  wing  of  the  absorption  line  to  be  dominated  by  a  single  satellite  associated 
with  the  minimum  in  the  B-state  difference  potential. 


2.2.  Proposed  Potentials 

Fuke  et  al.  arrive  at  potential-energy  curves  for  Hg  2537  A  interacting  with  krypton 
through  an  analysis  of  their  experimental  vibrational  spectrum  for  HgKr  van  der  Waals 
molecules.  (They  were  unable  to  resolve  the  rotational  structure.)  They  performed  a 
vibration-only  RKR  analysis  and  compared  it  with  a  Birge-Sponer  analysis.  The  agree¬ 
ment  between  the  two  analyses  was  good  for  the  B  state  but  only  partial  for  the  A  state. 
Their  experimental  data  for  the  ground  state  were  limited.  Grycuk  and  Czerwosz 
performed  a  temperature-dependent  lineshape  experiment  and  used  the  data-inversion 
technique  described  by  Hedges  et  al.'2  Their  data  complements  those  of  Fuke  et  al.  by 
providing  reliable  ground-state  and  A-state  potentials. 
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Fig.  2.  Composite  potentials  based  on  ref.  (10)  and  (11).  (A)  (a)  A  state,  ( b )  B  state;  (B)  X  state; 

(C)  (a)  AVa,  (b)  AVb. 

For  use  in  calculations  based  on  the  decoupling  radius  model  we  are  primarily 
interested  in  the  difference  potentials.  Since  we  propose  to  use  ground-  and  excited-state 
potentials  from  different  sources  care  must  be  taken  to  check  that  the  B-state  difference 
potential  is  sensible.  Taking  the  potentials  as  they  stand  gives  a  B-state  difference 
potential  with  a  well  depth  of  only  ca.  2  cm'1.  This  is  obviously  not  commensurate  with 
the  appearance  of  the  red-wing  satellite  at  ca.  12  cm-1.  Fuke  et  al.  calculated  rm  for 
their  B  state  by  using  a  simulated  FCF  program  to  calculate  the  difference  between  rm 
for  their  ground  and  excited  states.  If  we  are  to  use  the  Grycuk  and  Czerwosz  ground 
state  we  must  amend  the  value  of  rm  for  the  B  state  accordingly.  With  this  change  the 
difference  potential  exhibits  a  11.5cm"1  minimum.  The  potentials  to  be  used  are 
summarized  in  table  1  and  are  shown  in  fig.  2. 
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Table  I.  Summary  of  potentials  used  in  analysis 


state 

e/cm  1 

a)  Jem  1 

tO'Xjcm  1 

Tm/A 

a 

0 

form 

X  '0+ 

200 

3.95 

ii 

18 

M.S. 

A30+ 

438.1 

3.35 

7.84 

4.11 

M.S. 

B31 

95 

11.3 

0.32 

4.45 

Morse 

The  data  of  Grycuk  and  Czerwosz  were  taken  for  the  A  30+  state.  For  convenience  of  manipulation 
during  calculations,  a  Maitland-Smith  function  was  fitted  to  these  data. 


3.  Analysis 


3.1  Previous  Application  of  the  locking-radius  Molecular  Model 

We  now  present  an  analysis  of  our  experimental  results  using  the  decoupling  radius 
model  of  Lewis  et  aL  For  the  sake  of  comparison  we  will  first  outline  some  of  the 
features  of  the  analysis  performed  by  Alford  et  aL  of  their  results  for  Sr-RG  systems. 
Fig.  3  shows  a  comparison  between  their  experimental  results  for  Sr-Ar  and  some 
theoretical  curves  based  on  this  model.  Lewis  et  al.  calculated  polarization  curves  for 
several  trial  potential  forms.  (Information  about  the  potentials  for  this  system  was 
obtained  from  lineshape  experiments  by  Carlsten  et  al.  and  by  Harima  et  al.'*).  They 
first  assumed  van  der  Waals  r  6  potentials  for  the  ground  and  excited  states  and  calculated 
the  dashed  curves  in  fig.  3.  [g(A<u)  was  set  at  either  0  or  oo  and  the  hypothetical  limiting 
cases  of  pure  2  and  pure  II  excitation  were  calculated.]  They  assessed  their  curves  as 
follows.  They  pointed  out  that  the  polarization  is  initially  intermediate  between  1  and 
II  and  falls  off  with  roughly  the  correct  slope.  The  polarization  then  dips  more  steeply 
towards  the  2-only  curve  at  around  A?  =  10-20  cm"1.  The  lineshape  experiments  of 


Fig.  3.  Polarization  redistribution  spectrum  for  the  red  wing  of  Sr-Ar.  The  full  curve  is  the  theory’ 
using  Lennard-Jones  potentials  in  the  decoupling-radius  model,  while  the  dashed  curves  assume 
van  der  Waals  potentials  and  treat  the  hypothetical  cases  of  pure  2  and  pure  n  excitation. 


8 


Alignment  in  Collision-induced  Fluorescence 

Carlsten  et  al.  and  Harima  et  al  show  a  diffuse  near-wing  satellite,  indicating  a  minimum 
in  one  of  the  difference  potentials  with  a  depth  of  ca.  20  cm'1.  General  arguments  would 
suggest  that  the  minimum  is  likely  to  occur  in  the  1  difference  curve  rather  than  in  the 
II.  Lewis  et  al  take  the  extra  decrease  in  polarization  noted  in  this  region  to  be  due  to 
the  enhancement  of  2  excitation  resulting  from  the  satellite. 

Once  the  position  of  the  satellite  has  been  passed  the  polarization  climbs  to  a  value 
close  to  that  predicted  by  the  II  curve.  The  polarization  then  increases  to  even  higher 
values  than  those  predicted.  Lewis  et  al.  suggest  that  the  disagreement  in  this  region  is 
due  to  bent  trajectory  effects.  In  order  to  test  eqn  (2)  directly  for  a  system  with  potential 
minima  Lewis  et  al.  went  on  to  describe  the  potentials  using  the  Lennard-Jones  form 
capable  of  producing  the  known  satellites.  (An  extreme  red-wing  satellite,  attributed 
to  a  minimum  in  the  tl  difference  potential  was  apparent  at  ca.  1000  cm'1.) 

Insertion  of  these  potentials  into  the  decoupling  radius  model  yielded  the  full  curve 
of  fig.  3.  The  curve  reproduces  the  near-wing  polarization  reasonably  well  up  to  the 
position  of  the  satellite.  The  cusp  in  the  curve  is  due  to  the  classical  singularity  in  the 
lineshape  at  this  position.  After  the  cusp  the  full  curve  reverts  to  the  II-only  curve.  Just 
as  a  semiclassicai  analysis  removes  the  singularity  in  the  lineshape,  the  use  of  a  similar 
analysis  to  define  g(Au>)  would  remove  the  sharp  cusp  in  the  polarization  curve.  Bieniek15 
has  performed  such  an  analysis. 


3.2.  Mercury-Krypton  Analysis 
3.2.1.  Impact-limit  Polarization 


Omont  et  al.'6  applied  quantum-mechanical  impact  theory  to  the  problem  of  collisional 
redistribution.  Ballagh  and  Cooper17  used  the  results  of  Omont  et  al.  to  derive  explicit 
expressions  for  the  angular  and  frequency  dependence  of  radiation  scattered  by  a 
spatially  degenerate  atom  undergoing  collisions.  Applying  this  theory  to  our  experi¬ 
mental  geometry  the  polarization  P  of  the  fluorescence  can  be  related  to  the  collisional 
width  yc  and  alignment  destroying  rate  y^2’  through 


6(rc/rc:,)-3 

6(yc/yc2’)-l' 


(ID 


Values  of  yc  and  y'c2’  are  related  to  the  nominal  cross-sections  crR  and  cr121,  respectively, 
through  y  =  np wr  where  np  is  the  number  density  of  perturbers  and  v  is  the  mean 
velocity.  Values  of  <rR  and  cr'21  for  Hg-Kr  reported  by  various  authors  are  tabulated 
by  Lewis.18 

Substituting  the  resulting  yc  and  y[2>  values  into  eqn  (II)  gives  an  impact-limit 
polarization  of  82  ±5%.  Taking  an  estimate  of  the  collisional  duration  as  ca.  2.6  ps  and 
using  the  validity  criterion  for  impact  theory  we  find  that  the  boundary  of  the  impact 
region  occurs  at  ca.  2vm~'  for  Hg-Kr.  Our  experimental  results  do  not  extend  closer 
to  line  centre  than  5  cm'1  and  hence  we  do  not  probe  the  impact  region  properly. 
However,  an  extrapolation  of  the  trend  shown  in  our  data  suggests  that  the  agreement 
between  the  calculated  impact  polarization  and  that  which  can  be  inferred  experimentally 
is  quite  good.  This  agreement  lends  confidence  in  the  method  of  correcting  for  spurious 
depolarizing  effects  described  elsewhere.7 

This  rather  high  polarization  is  due  to  the  relatively  low  value  of  y'2<  for  the 
Hg(2357  A)-Kr  interaction.  This  arises  from  the  fact  that  the  A-  and  B-state  difference 
potentials  are  not  well  separated  in  the  region  of  interest.  The  failure  of  these  curves 
to  separate  as  well  as  the  analogous  2  and  n  potentials  in  the  case  of  a  'P,- 'So  transition 
can  be  understood  by  examining  the  make-up  of  the  A  and  B  states  in  terms  of  their  A 
components.  As  we  have  shown  the  A  state  is  made  up  entirely  of  II  states,  whilst  the 
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B  state  contains  a  mixture  of  2  and  II  states.  The  electrostatic  difference  between 
collisions  proceeding  along  the  A  and  B  states  is  therefore  not  as  pronounced  as  it  is 
in  the  single-singlet  case  where  the  states  are  of  pure  2  and  n  character. 

3.2.2.  Choice  of  Rdc 

A  simple  way  of  estimating  Rdc  would  be  to  use  <x<2)  =  -rrR2dQ.  Using  an  average  value 
of  <r<2)  taken  from  Lewis  gives  Rdc  =  6.1  A.  Applying  the  criterion  for  Rdc  used  by  Lewis 
et  al.  and  using  the  proposed  potentials  gives  Rdc  ~  6.5  A.  At  this  point  certain  difficulties 
can  be  noted  in  attempting  to  apply  the  decoupling-radius  model  to  the  Hg  (3Pi-iS0)-Kj 
system. 

Note  that  the  maximum  energy  difference  between  the  A  and  B  states  is  ca.  5  cm-1, 
which  is  not  markedly  greater  than  our  estimate  of  the  energy  separation  at  which  the 
states  decouple.  It  is  in  precisely  such  a  situation  that  the  concept  of  a  well  defined 
decoupling  radius  loses  its  validity.  A  physical  picture  based  on  the  decoupling-radius 
model  is  that  the  atomic  orbitals  never  lock  tightly  to  the  molecular  axis,  but  merely 
slew  under  the  influence  of  the  molecular  forces.  Such  a  process  is  badly  modelled  by 
the  use  of  a  locking  radius,  no  matter  how  small  that  radius  is  chosen  to  be  (given  that 
Ra  should  remain  smaller  than  Rdc  throughout  the  region  of  interest).  Under  such 
circumstances  the  decoupling-radius  model  as  it  stands  will  always  predict  more 
reorientation  than  actually  occurs.  It  is  interesting  to  compare  the  maximum  polarization 
(62%  for  2  excitation  when  Rd c=  Rv)  permitted  by  the  decoupling-radius  model  with 
calculations  for  the  impact-limit  polarization.  In  a  system  for  which  the  model  is  truly 
applicable  one  would  expect  these  two  polarizations  to  be  in  rough  agreement.  In  the 
case  of  Ba-Ar  the  impact  limit  was  found  to  be  68  ±2%.  Since  the  corresponding  value 
for  Hg-Krof82%  is  much  higher  than  thisthemodel  will  be  unable  without  modification 
to  give  a  sufficiently  high  polarization  in  the  near  quasistatic  wing  to  be  asymptotically 
compatible  with  the  impact  value. 

3.2.3.  Red-wing  Polarization  Curve 

We  have  performed  an  analysis  for  Hg-Kr  similar  to  that  of  Lewis  et  al.  for  Sr-Ar.  In 
our  case,  however,  the  potentials  used  were  far  more  reliable  than  those  available  for 
the  Sr-Ar  case.  For  convenience  we  have  fitted  the  A-state  data  to  a  modified  Maitland- 
Smith  function.  This  was  achieved  by  fixing  e  and  rm  at  the  values  given  by  Grycuk 
and  Czerwosz  and  allowing  the  a  and  0  parameters  to  vary  to  achieve  a  best  fit  to  the 
data.  Since  our  red-wing  polarization  data  covered  the  detuning  range  5-40  cm  ',  only 
the  lineshape  data  points  lying  in  this  region  were  included  in  the  fitting  procedure. 
The  optimum  values  were  found  to  be  a  =7.84  and  0=4.11.  With  all  the  states 
determined  by  analytical  forms  it  was  easy  to  differentiate  the  difference  potentials  for 
insertion  into  g(Aa>).  The  difference  potentials  AV0(R)  were  inverted  numerically  to 
give  R„(A w)  for  substitution  into  the  decoupling-radius  model.  A  complication  arises 
when  there  is  an  extremum  apparent  in  a  given  difference  potential.  When  this  happens 
the  function  R„(A<v)  is  double-valued  and  the  equation  defining  g( Aw)  is  only  valid 
forsingle-valued  R„(Aw).  In  order  to  proceed  we  make  the  approximation  that  excitation 
to  the  outer  Condon  point  is  prevalent  and  neglect  the  inner  Condon  point.  This  is  a 
reasonable  approximation  for  a  number  of  reasons.  For  a  given  detuning  the  slope  of 
the  difference  potential  is  always  greater  for  the  inner  Condon  point  than  for  the  outer 
one.  Since  the  weighting  of  the  contribution  of  a  particular  Condon  point  is  inversely 
proportional  to  the  slope  of  the  difference  potential  the  inner  point  will  always  contribute 
less  for  the  usual  asymmetric  well.  The  inner  Condon  point  will  also  lose  out  by  virtue 
of  the  R2a  term  in  the  quasistatic  formula.  These  arguments  become  progressively  less 
valid  as  the  minimum  in  the  potential  is  approached;  however,  in  this  region  the  difference 
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in  the  reorientation  experienced  after  excitation  at  one  Condon  point  or  the  other 
becomes  small. 

The  meaning  of  the  2  and  II  labels  in  eqn  (l)-(S)  must  now  be  clarified.  These 
labels  draw  a  distinction  between  laser  excitation  to  a  molecular  'angular  momentum’ 
state  with  /  =  1  and  excitation  to  a  state  with  J  =  0.  Eqn  (l)-(5)  were  developed  in  the 
context  of  a  ‘Pi-'So  transition  in  which  J  **  A  is  a  good  angular  momentum  quantum 
number.  In  the  case  of  a  3Pi-'S0  transition  J  ■»  ft  is  the  relevant  angular  momentum 


Fig.  4.  Polarization  redistribution  spectrum  for  the  red  wing  of  Hg(5P,-’So)-Kr.  (a)  Measured 
polarizations  are  higher  than  predicted  by  the  simple  decoupling-radius  model.  This  results  from 
the  proximity  of  the  interatomic  difference  potentials  in  the  region  of  interest.  The  polarization 

drops  in  the  far  wing  to  a  value  in  better  agreement  with  the  theory  ( - )  R**  5.5  A,  ( - ) 

R*-  6.5  A.  ( b )  Sketch  of  the  satellite  taken  from  the  data  of  ref.  (10).  The  curves  in  (a)  are  the 
results  of  the  primitive  decoupling-radius  model  with  a  purely  classical  satellite.  An  analysis 
based  on  the  model  proposed  by  Bieniek1’  would  use  the  true  form  of  the  satellite,  removing  the 
sharp  cusp  in  the  polarization  curve. 
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AP/cm  1 

polarization  (%) 

20 

65  ±14 

123 

76±11 

quantum  number.  Consequently,  it  is  necessary  to  rewrite  eqn  (l)-(5)  with  the  labels 
2  and  II  replaced  with  fi  =  0  and  ft  =  1,  respectively. 

With  these  changes  made  we  see  that  the  A(fl  =  0)  state,  which  is  a  superposition 
of  A  =  1(11)  states,  actually  behaves  like  the  more  depolarizing  state  of  expression  (5). 
The  B(I1  =  1)  state,  which  is  a  superposition  of  A  =  1  and  0,  (II  and  2)  acts  as  the  less 
depolarizing  state. 

The  result  is  that  as  the  satellite  in  the  B  state  is  approached  we  see  enhancement 
of  excitation  to  a  less  depolarizing  state.  After  the  satellite  has  been  passed  the 
polarization  collapses  to  the  value  prescribed  by  excitation  to  the  more  depolarizing  A 
state  alone. 

Fig.  4  shows  the  results  of  our  calculation  superimposed  on  our  experimental  data 
for  various  values  of  Rdc.  As  anticipated,  the  curve  for  Rdc  =  6.5  A  lies  well  below  the 
experimental  data.  The  theoretical  curve  shows  the  expected  classical  cusp  similar  to 
that  shown  in  fig.  3  but  reversed  in  direction.  Curves  with  Rdc  <  6.5  A  appear  to  give 
better  agreement  than  that  for  Rdc  =  6.5  A;  however,  such  curves  should  be  approached 
with  caution  for  low  detunings  since  they  contain  components  for  which  Ra  >  Rdc  which 
is  outside  the  region  of  validity  of  eqn  (2).  These  curves  can  be  expected  to  give  a 
reasonable  fit  to  the  further  wing  where  R„  <  Rdc  despite  the  low  value  of  Rdc.  The 
polarization  is  seen  to  hold  up  well  after  the  position  of  the  satellite,  but  does  eventually 
drop  to  a  value  in  agreement  with  the  theoretical  curves. 

3.2.4.  Blue  Wing 

Insufficient  signal  was  available  to  perform  a  systematic  detuning  experiment  in  the 
blv  i  wing.  Furthermore,  the  exact  form  of  the  interatomic  difference  potential  in  the 
blue  wing  is  not  known.  We  can,  however,  make  a  comment  on  the  limited  data  available. 
These  data  points  were  taken  at  detunings  corresponding  to  the  peaks  of  the  two  strongest 
satellites  at  Aw  =  20  and  123  cm~'.  Grycuk  and  Czerwosz  discussed  the  possible  origin 
of  these  satellites,  concluding  that  the  distant  satellite  is  of  the  usual  variety  and  is 
associated  with  an  extremum  in  the  difference  potential.  They  suggest  that  the  near 
satellite  is  due  to  bound-free  transitions  from  high-lying  vibrational  levels  in  the  ground 
state. 

We  can  be  sure  that  the  only  potentials  to  which  excitation  can  occur  in  the  blue 
wing  is  the  B  31  state.  Whilst  lack  of  information  on  the  exact  form  of  the  potential 
prevents  us  from  calculating  the  polarization  at  Aw  =  123  cm-1,  we  note  that  since 
excitation  occurs  entirely  to  the  less-depolarizing  B  state  the  polarization  should  be 
relatively  high.  This  is  borne  out  by  the  experimental  measurement  (see  table  2). 


4.  Beyond  the  Decoupling-radius  Molecular  Model 
4.1.  VaNdity  of  Approximations 

It  is  apparent  that  the  theory  used  to  analyse  our  data  is  incapable  of  giving  a  good 
account  of  the  experimental  results.  We  must  therefore  address  the  approximations 
made  in  formulating  the  theory  and  decide  which  of  these  is  likely  to  break  down  in 
the  case  of  the  HgrP^'Soi-Kr  interaction.  The  approximations  made  are  as  follows: 
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The  atoms  are  taken  to  follow  classical  trajectories  and  to  be  excited  quasistatically  at 
Condon  points.  The  model  also  assumes  that  this  excitation  occurs  independently  to 
the  H  =  0  and  ft  =  1  states.  The  atoms  are  then  taken  to  undergo  adiabatic  reorientation 
until  a  fixed  decoupling  radius  is  reached.  The  last  three  points  essentially  assume  that 
there  is  no  mixing  of  the  molecular  states  either  at  excitation,  during  the  rotation  or 
after  decoupling.  The  following  sections  examine  the  validity  of  these  assumptions  in 
turn. 


4.2.  Classical  Trajectories  and  Quasistatic  Excitation 

The  assumption  of  classical  trajectories  breaks  down  if  the  de  Broglie  wavelength  of 
the  ‘particle’  (or  reduced  mass  y  in  the  centre-of-mass  frame)  is  of  the  order  of  a  typical 
scale  length  for  the  interatomic  potential.  For  the  Hg-Kr  thermal  collisions  at  room 
temperature  we  find  A  =0.19  A.  The  minima  in  the  A,  B  and  X  potentials  occur  at  ca. 
4  A,  which  can  be  taken  as  a  measure  of  the  scale  of  the  potential.  The  assumption  of 
classical  trajectories  is  therefore  a  good  for  the  collisions  we  have  studied.  If  any 
discrepancy  occurs  as  a  result  of  this  assumption  it  will  occur  near  the  turning  points 
where  d  V/d R  is  large,  i.e.  the  potential  changes  appreciably  over  a  de  Broglie  wavelength. 
Also  related  to  the  classical-path  assumption  is  the  question  of  the  angular  momentum 
of  the  collisions  or  equivalently  the  rotational  energy-level  spacing.  It  can  be  shown 
that  the  rotational  angular  momentum  quantum  number  /  =  100  for  the  collisions  we 
have  been' considering.  At  such  high  values  of  l  the  system  can  be  described  quite 
accurately  classically. 

The  condition  for  quasistatic  excitation  is  well  fulfilled  for  Hg(3P,-'So)-Kr  at  the 
detunings  investigated.  However,  clasical  quasistatic  theory  fails  to  predict  the  correct 
form  for  the  satellite.  Bieniek15  proposed  a  modification  of  the  model  that  deals  with 
the  satellite  semiclassically,  thus  smoothing  out  the  cusp  in  fig.  3. 


4.3.  Excitation  Reorientation  and  Decoupling 

The  work  of  Hertel  et  al.'9  and  Grosser  has  shown  the  concept  of  a  locking  radius  to 
be  useful  when  the  potentials  involved  separate  rapidly.  As  has  been  discussed,  the 
concept  is  not  useful  when  the  potentials  remain  close  together  over  a  large  region  of 
R.  Since  this  is  the  case  for  Hg(3P,-'S0)-Kr  we  now  discuss  ways  in  which  the  theory 
could  be  amended  to  take  account  of  this  problem.  Since  the  model  is  based  on  the 
three  processes  of  excitation,  rotation  and  decoupling  we  examine  these  three  processes 
in  turn. 

The  decoupling-radius  model  assumes  that,  at  excitation,  dipoles  of  either  pure  ft  =  0 
or  pure  ft  =  1  character  are  created.  Excitation  therefore  occurs  to  states  with  the  well 
defined  wavefunctions  'fro  (pointing  along  the  molecular  axis)  or  ¥ ,  (at  right  angles  to 
the  molecular  axis).  In  an  exact  quantum-mechanical  treatment  of  this  aspect,  excitation 
occurs  to  a  state  whose  wavefunction  is  a  linear  superposition  of  these  two  wavefunctions, 
'P  =  C,'P|  +  C’o'Po-  In  a  perturbation  approach  C,  and  C0,  which  control  the  admixture 
of  the  states  involved,  are  inversely  proportional  to  the  energy  difference  between  the 
states.  When,  as  in  our  case,  excitation  occurs  at  points  where  the  energy  separation 
of  the  states  is  small,  the  correct  form  of  the  wavefunction  must  be  used.  In  the  inexact 
treatment  of  the  decoupling-radius  model  it  is  assumed  that  the  and  ¥0  wavefunctions 
rotate  adiabatically,  that  is  the  rotation  does  not  induce  transitions  between  the  two 
states.  These  wavefunctions  are  therefore  independent  solutions  of  the  Schrodinger 
equation.  In  reality  the  proximity  in  energy  of  the  two  states  will  lead  to  further  mixing 
between  them  during  the  collision.  In  order  to  describe  this  situation  we  must  solve  a 
pair  of  coupled  equations. 
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In  the  exact  method  it  is  unnecessary  to  introduce  the  concept  of  a  decoupling  radius 
since  the  behaviour  at  all  R  is  take  care  of  automatically  once  the  correct  form  of  the 
wavefunction  is  used. 

In  summary,  the  effects  of  assuming  quasistatic  excitation  and  classical  trajectories 
are  either  negligible  or  can  be  allowed  for  by  making  the  reasonably  simple  amendments 
to  the  model.  Far  more  serious  difficulties  arise,  for  our  system,  from  the  assumptions 
of  incoherent  excitation,  adiabatic  reorientation  and  the  use  of  a  decoupling  radius. 
The  next  step  would  therefore  be  to  retain  the  former  approximations  but  to  treat  the 
excitation  and  reorientation  processes  as  described  above.  It  is  possible  to  treat  the 
entire  problem  quantum-mechanically,20  Work  along  these  lines  is  under  way  at  present 
in  this  laboratory.  The  drawback  of  the  full  quantum-mechanical  calculation  is  that  it 
does  not  lend  itself  to  simple  physical  interpretation. 


5.  Conclusions 

The  choice  of  Hg(3P,-  ‘S0)-Kr  as  a  system  worthy  of  study  has  been  supported  throughout 
by  the  availability  of  the  interatomic  potentials,  allowing  quantitative  tests  of  theory. 
However,  even  the  qualitative  features  of  our  polarization  curve  differ  from  those  of 
the  corresponding  curve  for  Sr(p,-'S0)-Ar.  The  chief  qualitative  feature  in  that  system 
was  the  dip  in  the  polarization  near  the  minimum  in  the  1  difference  potential.  It  has 
been  shown  that  in  the  case  of  Hg(3P,-'S0)-Kr  this  trend  is  reversed  and  we  see  an 
enhancement  of  the  polarization  near  the  minimum  in  the  ft  =  1  difference  potential. 
Just  as  this  qualitative  feature  allowed  Alford  et  al.  to  label  the  potential  curves 
definitively  as  1  and  II  we  are  able,  through  this  work,  to  label  the  Hg(3P,-'So)-Kr 
potentials  definitively  as  ft  =  0  and  ft  =  1. 

One  aim  of  this  work  was  to  provide  a  test  of  the  decoupling  radius  model.  It  would 
be  unfair  to  attribute  the  failure  of  our  analysis  of  section  3  to  account  for  our  data  to 
the  general  inadequacy  of  the  theory  used.  The  problem  clearly  lies  in  the  fact  tha  some 
of  the  underlying  assumptions  of  the  model  are  invalid  for  a  system  such  as  ours  in 
which  the  ft  =  0-ft  =  1  potential  difference  is  small. 

The  model  as  it  stands  has  therefore  not  been  tested  in  a  region  where  it  can  be 
expected  to  be  adequate.  An  alternative  approach  to  performing  such  a  test  would  be 
to  conduct  experiments  to  elucidate  the  interatomic  potentials  for  Sr-RG  and  Ba-RG 
systems  since  for  these  systems  the  polarization  data  available  in  the  literature  are 
excellent.  Such  experiments  are  difficult  to  perform  but  have  been  proposed  and  are 
being  pursued  by  other  experimenters  in  the  field. 

It  is  arguable  that  once  the  stated  aim  of  testing  the  model  had  been  achieved  the 
logical  next  step  would  have  been  to  examine  systems  for  which  the  validity  criteria  of 
the  inherent  approximations  are  less  well  satisfied.  In  order  that  such  a  model  be  worthy 
of  pursuit  it  should  be  widely  applicable  and  should  survive,  with  little  modification, 
reasonable  changes  in  the  system  studied.  The  purpose  of  examining  such  marginal 
systems  would  be  to  test  the  range  of  applicability  of  the  decoupling-radius  model. 
Hg(3P|-,S0)-Kr  is  just  such  a  marginal  system,  and  our  results  bring  into  sharp  focus 
the  model's  limitations. 

Another  way  of  viewing  our  results  is  to  note  that  when  the  decoupling  radius  is 
very  small  (or  when  it  is  impossible  to  define  Rdc  at  all  meaningfully)  the  degree  of 
orbital  selectivity  atainable  is  poor.  This  is  borne  out  by  the  generally  high  polarizations 
we  have  measured.  While  the  system  studied  may  be  ideal  for  testing  quantum- 
mechanical  redistribution  theory  it  is  unsuited  to  the  exposition  of  pronounced 
stereochemical  features. 
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Orbital  alignment  effects  and  branching  fractions  have  been  measured  for 
collisionally  induced  electronic  energy  transfer  from  the  Sr  5s6p  *P,  state  to 
seven  near-resonant  states:  5s6p3P2-i.0,  4d5p'D2  and  4d5p3F«3-2.  The 
measurements  were  carried  out  in  a  crossed-beam  experiment  using  a  pulsed, 
linearly  polarized  laser  which  propagates  perpendicular  to  the  initial  average 
relative  velocity  vector  of  the  collision  partners.  The  results  show  remarkably 
high  specificity  in  both  the  formation  of  product  states  and  the  alignment 
effects  into  each  state.  With  He  as  a  collision  partner,  formation  of  the  3F3 
state  shows  a  preference  for  the  laser  polarization  parallel  to  the  collision 
axis;  formation  of  the  3P,  state  shows  no  alignment  dependence,  whereas 
the  3P0  state  shows  a  strong  preference  (4:1)  for  the  perpendicular  polariz¬ 
ation.  All  other  states  are  preferentially  formed  with  the  perpendicular  laser 
polarization.  In  addition,  the  branching  fractions  produced  by  collisions 
with  He  are  highly  non-statistical.  With  Xe,  the  branching  fractions  approach 
those  of  a  statistical  distribution,  suggesting  a  strong  interaction;  however, 
alignment  preferences  are  still  discernible  for  individual  states.  Despite  the 
complexity  and  large  number  of  curve-crossing  possibilities  in  this  multistate 
system,  several  highly  selective  crossings  are  inferred  from  the  observed 
alignment  effects.  Specific  alignment  preferences  are  discussed  in  terms  of 
symmetry  and  energy  considerations. 


Alignment  and  orientation  effects  in  inelastic  collisions  of  atoms  are  of  keen  interest  to 
experimentalists  and  theorists  alike.  Detailed  summaries  of  previous  work  are  provided 
in  the  reviews  of  Hertei  et  aV  and  Campbell  et  al2  Low  collision  energy,  crossed-beam 
experiments  with  rare-gas  atom  collision  partners  are  among  some  of  the  simplest 
alignment-dependent  processes  for  which  accurate  theoretical  treatment  is  possible. 
They  are  studied  using  polarized  lasers  to  prepare  the  initial  collision  alignment.  Several 
studies  are  notable.  Hale  et  al,3,4  Neuschafer  et  aLs  and  Bus&ert  et  al 6  studied  the 
Ca-rare-gas  spin-changing  system.  Devdariani  and  Zagrebin7  performed  a  semi-classical 
Langau-Zener  curve-crossing  analysis,  while  Pouilly  and  Alexander8  investigated  full 
quantum-mechanical  calculations  for  this  system.  Duren  and  Hasselbrink*  studied 
alkali-metal  atoms  using  circularly  polarized  light  to  prepare  the  initial  collision  orienta¬ 
tion  and  analysed  their  results  quantum-mechanically.  Mandcs  et  al10  "  analysed  the 
alignment  dependence  of  fine-structure-changing  collisions  for  the  excited  Ne**  +  He 
system.  They  also  developed  quantum-mechanical"  and  semiclassical12  treatments  of 
the  alignment  preference. 

One  difficulty  in  treating  these  collision  systems  theoretically  is  the  lack  of  good 
potential-energy  curves.  The  spectroscopy  of  stable,  low-temperature  collision  com¬ 
plexes"  is  one  approach  which  offers  excellent  promise  for  an  experimental  determina¬ 
tion  of  the  potential-energy  curves.  Transient  collisions!  probing  of  the  energy-transfer 
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Relevant  strontium  energy  levels  [ref.  (16)].  The  laser  prepares  the  initial  5s6p  ‘P,  state 
as  shown  at  the  left.  Collisions  with  rare-gas  atoms  result  in  energy  transfer  to  the  seven 
near-resonant  states,  as  shown  in  the  enlarged  region  at  the  right.  The  average  collision  energy 

for  He  is  noted. 


systems  by  wind  absorption  and  emission  is  yet  another  way  to  interrogate  the  alignment 
effects.14 

In  an  initial  study  of  the  Sr5s6p  1 P, -rare-gas  system15  it  was  found  that  several 
collisionally  produced  states  have  very  different  alignment  effects.  This  was  surprising 
given  the  complexity  and  number  of  curve-crossings  in  the  energetically  accessible 
region.  In  this  contribution  we  present  a  detailed  study  of  the  alignment  effects  and 
branching  fractions  for  most  of  the  individual  states  produced  upon  collision  of 
Sr5s6p'Pi  with  He  and  Xe.  The  mean  collision  energies  are  529  cm-1  with  He  and 
631  cm*1  for  Xe.  All  seven  of  the  collisionally  produced  states  that  are  observed  lie 
lower  in  energy  than  the  initial  state;  the  total  energy  spread  of  these  levels  is  832  cm'1, 
as  shown  in  Fig.  1.  Despite  the  large  density  of  states  in  the  region,  highly  non-statistical 
population  distributions  and  large  alignment  effects  are  observed  for  many  states.  The 
results  are  interpreted  by  an  analysis  of  the  symmetry  and  energy  of  the  molecular  states 
in  the  crossing  region. 


Expert  mental 

The  experimental  apparatus  is  similar  to  that  described  previously6  with  the  following 
modifications:  a  monochromator  is  used  to  resolve  individual  fine-structure  states, 
photon  counting  is  used  to  detect  fluorescence  from  collisionally  produced  states  since 
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the  signals  through  the  monochromator  are  much  weaker,  and  Helmholtz  coils  are  used 
to  shield  the  effect  of  the  earth’s  magnetic  field  by  a  factor  of  4. 

The  basic  apparatus  is  as  follows  (see  fig.  2).  Three  mutually  perpendicular  beams 
intersect  at  the  centre  of  the  chamber:  the  strontium-atom  beam  emerges  from  a  pinhole 
in  an  oven  located  behind  the  chamber  and  travels  out  from  the  plane  of  the  paper;  the 
rare-gas  beam  emerges  from  the  pulsed  valve  above  the  chamber  and  travels  down;  the 
pulsed,  linearly  polarized  u.v.  laser  beam  passes  from  right  to  left,  going  through  a 
polarization  rotator  before  entering  the  chamber.  The  linearly  polarized  laser  prepares 
Sr  atoms  in  the  6'Pi  state  with  the  p  orbital  aligned  along  the  direction  of  laser 
polarization.  Sr  is  a  particularly  suitable  atom  for  alignment  studies  since  93%  of  its 
natural  occurring  isotopes  have  a  nuclear  spin  of  zero;  thus  the  p  orbital  remains 
space-fixed  in  the  absence  of  external  forces.  The  initial  alignment  of  the  p  orbital  is 
chosen  by  rotating  the  polarization  of  the  laser  with  a  double  Fresnel  rhomb  polarization 
rotator.  Subsequent  collision  with  rare-gas  atoms  results  in  population  of  a  number  of 
near-resonant  states:  3P21i0,  3F4i3.2,  and  'D2.  There  is  no  fluorescence  observed  from 
the  'D2  state  located  629  cm"1  higher  in  energy  than  the  initial  'P,  state.  Fluorescence 
is  observed  from  the  'So  state  located  3507  cm"1  below  the  initial  *P,  state;  however, 
this  fluorescence  is  seen  even  in  the  absence  of  the  rare  gas,  indicating  that  this  state  is 
populated  by  cascade  fluorescence.  Two  fibre  bundles  are  used  to  collect  the  fluorescence 
simultaneously  from  both  the  initial  laser-prepared  'P,  state  and  a  collisionally  populated 
state.  Fluorescence  entering  the  larger  fibre  bundle  at  the  left  is  used  to  detect  the  initial 
'P,  state.  Fluorescence  entering  the  smaller  fibre  bundle  at  the  right  is  resolved  to  detect 
individual  product  state  transitions.  Signals  are  analysed  as  a  function  of  laser  polariz¬ 
ation  angle  using  time-gated  photon  counting  for  the  states  populated  by  energy  transfer, 
and  time-gated  boxcar  integration  for  the  initial  *P,  state. 
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Flf.2.  Schematic  diagram  of  the  experimental  apparatus.  Three  mutually  perpendicular  beams 
intersect  at  the  center  of  the  chamber.  The  Sr  beam  emerges  from  a  pinhole  in  an  oven  located 
behind  the  chamber;  the  rare-gas  beam  emerges  from  the  pulsed  beam  valve  above  the  chamber; 
the  pulsed  linearly  polarized  laser  beam  passes  through  a  polarization  rotator  before  entering  the 
chamber.  Two  fibre  bundles  simultaneously  collect  fluorescence  from  both  the  intial  state  and 

the  collisionally  populated  states. 
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The  effusive  Sr-atom  beam  is  continuous  and  emanates  from  a  1  mm  diameter  hole 
in  a  9S3  K  nozzle,  which  is  connected  to  a  separately  heated  813  K  oven  located  behind 
the  chamber.  After  8  mm  the  Sr  beam  passes  through  a  2  mm  diameter  skimmer;  after 
another  27  mm  it  encounters  the  interaction  region  where  the  Sr  density  is  2  x  10to  atoms 
cm'3  and  the  velocity  is  445  m  s~\ 

The  He  (or  Xe)  beam  emerges  from  a  pulsed  valve  at  the  top  of  the  chamber  and 
after  18  mm  crosses  the  Sr  beam  perpendicularly  with  an  angular  spread  determined  by 
the  laser  beam  diameter  of  4  mm.  With  a  nozzle  diameter  of  150  p,m  and  a  backing 
pressure  of  80  kPa  for  helium  (37  kPa  for  xenon),  the  rare-gas  density  is  5  x  1014  atoms 
cm'3  (2  x  1014  atoms  cm'3  for  Xe)  and  the  velocity  is  1.76  x  103  m  s'1  (300  m  s'1  for  Xe). 
Thus  the  mean  relative  collision  velocities  are  calculated  to  be  1.82  x  103  m  s'1  with  He 
and  536  m  s'1  for  Xe,  corresponding  to  collision  energies  of  66  and  78  meV,  respectively. 
The  angle  between  the  initial  relative  velocity  vector  and  the  horizontal  Sr  beam  is  75° 
for  He  (33°  for  Xe).  We  note,  however,  that  the  ca.  200  ns  long  collection  gate  times 
were  taken  in  the  early  time  region  of  the  ca.  1  ms  long  gas  pulse,  where  signals  from 
the  collisionally  produced  states  were  maximized  and  the  magnetic  field  due  to  the 
pulsed  valve  was  minimized,  rather  than  in  the  more  central  region  of  the  pulse,  which 
is  more  characterizable.  Thus  the  rare-gas  beam  density  and  velocity  in  the  actual 
experiments  may  differ  from  the  calculated  values  stated  above. 

The  pulsed,  linearly  polarized  laser  beam  from  a  frequency-doubled  dye  laser  travels 
through  a  polarization  rotator  and  crosses  at  right  angles  to  the  two  atomic  beams.  The 
laser  beam  wavelength  is  293  nm,  the  diameter  is  4  mm,  the  energy  is  typically  200  pj 
per  pulse,  the  temporal  width  is  5  ns  and  the  frequency  width  is  0.1  cm'1. 

Helmholtz  coils  are  used  to  shield  the  earth’s  magnetic  field  by  a  factor  of  four.  The 
residual  weak  magnetic  field  has  a  negligible  effect  on  the  alignment  of  the  initially 
prepared  p  orbital,  owing  to  its  short  (65  ns)  lifetime.  The  present  measurement  of  the 
Sr6‘P,  lifetime  agrees  with  a  previous  laser  fluorescence  measurement17  of  65  ns.  These 
measurements  differ  from  the  value  of  110  ns  reported  by  Schwenz  and  Leone.18  The 
1 10  ns  measurement  may  be  suspect  since  the  Sr  gas  density  was  at  least  100  times  larger 
than  that  in  the  present  measurement;  thus  radiation  trapping  may  be  responsible  for 
the  longer  lifetime  obtained  earlier. 

Two  fibre  bundles,  one  of  diameter  1  cm  and  the  other  7  mm,  are  located  2  cm  from 
the  interaction  region.  They  are  used  to  monitor  simultaneously  the  fluorescence  signals 
from  the  initially  prepared  ‘P,  state  and  the  collisionally  produced  state.  Total  fluores¬ 
cence  is  observed  without  angular  or  polarization  analysis.  Light  entering  the  larger 
fibre  bundle  passes  through  a  cut-off  filter  to  block  scattered  laser  light,  a  bandpass 
filter  to  select  the  ‘P,  transition  at  717  nm  to  a  'D3  state,  and  is  detected  by  the 
photomultiplier  (PMT).  A  boxcar-gated  signal  averager  then  integrates  the  signal,  which 
is  either  directly  displayed  with  a  strip-chart  recorder  or  digitized.  This  signal  is 
proportional  to  the  number  of  atoms  in  the  initial  'Pt  state  and  is  used  for  normalization. 
A  6%  variation  of  the  fluorescence  with  laser-polarization  angle  is  seen  for  the  initially 
prepared  state,  as  expected  from  the  position  of  the  fibre  bundle,  the  solid  angle  of 
collection  and  the  fact  that  a  P-D  transition  is  only  partially  polarized. 

The  much  weaker  fluorescence  signals  from  the  collisionally  produced  states  are 
detected  by  photon  counting.  Light  entering  the  smaller  fibre  bundle  passes  through  a 
lens  to  match  the//#  of  the  monochromator.  The  J  m  monochromator  selects  a  transition 
from  a  collisionally  produced  state  and  the  signal  is  detected  by  a  PMT,  amplified, 
discriminated  and  counted.  A  typical  gate  time  is  200  ns  with  a  delay  time  of  25-50  ns 
after  the  laser  pulse.  We  note  that  this  may  affect  the  branching  fractions  if  the  lifetimes 
differ  among  the  states.  A  spherical  mirror,  not  shown  in  fig.  2,  is  mounted  opposite 
the  smaller  fibre  bundle  and  used  to  increase  the  signal  intensity  from  the  collisionally 
produced  states.  The  signal  is  proportional  to  the  number  of  atoms  in  each  collisionally 
produced  state.  No  anisotropy  of  fluorescence  from  the  collisionally  produced  states 
was  observed. 
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Typically  1000  laser  pulses  at  10  Hz  are  averaged  for  each  experimental  point.  Since 
each  spectrum  takes  10  h,  fluorescence  intensities  are  normalized  to  the  ‘P,  signal  to 
correct  for  drifts  in  laser  intensity  and  Sr-beam  density.  No  correction  for  rare-gas  beam 
density  is  necessary.  For  the  alignment  measurements,  fluorescence  intensities  are 
measured  with  the  rare-gas  beam  on  and  oif.  These  are  then  subtracted.  Alignment 
curves  are  typically  run  three  times  each;  one  was  run  six  times  and  two  only  once.  For 
the  shorter-time  alignment  experiments,  it  was  not  necessary  to  normalize  to  the  'P, 
signal,  nor  wt?  ■*  necessary  to  correct  for  rare-gas  beam  density. 

Results 

The  linearly  polarized  laser  prepares  the  initial  Sr  6  'P,  p  orbital  along  the  direction  of 
polarization.  Since  93%  of  the  naturally  occurring  isotopes  of  Sr  have  no  nuclear  spin, 
the  p  orbital  for  these  atoms  remains  space-fixed  in  the  absence  of  external  forces.  The 
initial  alignment  of  the  p  orbital  is  characterized  by  the  angle,  0,  between  the  polarization 
vector,  E,  and  the  initial  relative  velocity  vector,  v.  For  example,  the  angle  0  =  90° 
prepares  the  p  orbital  perpendicular  to  the  initial  relative  velocity  vector.  Thus  0  is 
related  to  the  angle  between  the  laser  polarization  and  the  horizontal  Sr  beam,  0lab,  by 
the  equation  0  =  0itb-75°  for  collisions  with  He  (0  =  0|,b-33°  with  Xe). 

Two  kinds  of  experiments  are  considered  below:  (a)  emission  spectra  of  the  collision- 
ally  produced  states  and  (b)  alignment  effects  for  most  of  the  collisionally  produced 
states. 

(a)  Emission  Spectra 

Fig.  3  shows  typical  emission  spectra  of  the  states  produced  by  collision  of  Sr  5s6p  1 P, 
with  both  He  and  Xe,  where  the  Sr  p  orbital  is  prepared  with  the  laser  polarization 
perpendicular  to  the  initial  relative  velocity  vector.  This  polarization  was  chosen  to 
maximize  the  weakest  fluorescence  signals.  Only  the  strongest  emission  line  from  most 
states  is  displayed.  With  He  as  the  collision  partner,  negligible  emission  is  seen  from 
the  3F2  state,  indicating  a  relatively  small  probability  of  excitation,  most  likely  because 
of  the  large  energy  discrepancy  from  lP,  (see  fig.  1).  With  Xe  as  the  collision  partner, 
very  different  collisionally  produced  state  populations  are  seen,  most  likely  due  to  the 
much  stronger  interaction  potentials  overall.  Fluorescence  intensities  are  normalized  to 
the  *P,  signal  to  correct  for  drift  in  the  laser  intensity  and  Sr-beam  density. 

The  relative  fluorescence  intensities  for  He  as  compared  with  Xe  for  all  observed 
spectral  emission  peaks  are  given  in  table  1 ,  where  averages  of  the  fluorescence  intensities 
for  the  perpendicular  and  parallel  laser  polarizations  are  reported.  The  unresolved 
emission  peak  from  3P2J  is  also  included.  The  'D2  emission  peak  which  neighbours  the 
3F4  peak  at  640.7  nm  is  assumed  to  be  of  negligible  intensity  compared  to  the  3F4  peak 
since  it  was  not  seen  in  the  compilation  of  spectral  lines  by  Reader  and  Corliss.19  The 
intensities  in  the  table  are  normalized  so  that  their  sum  is  equal  to  100.  Very  different 
relative  populations  are  seen  for  He  compared  to  Xe;  e.g.  He  produces  much  more  3P2 
excitation,  while  Xe  produces  more  3F4  and  3F2. 

For  further  insight  into  the  mechanisms  of  the  collision^  transfer,  we  estimate 
branching  fractions  from  the  relative  intensities  of  the  collisionally  produced  states  and 
make  a  qualitative  comparison  with  a  statistical  distribution.  To  relate  the  above 
fluorescence  intensities  to  populations,  we  sum  all  fluorescence  intensities  with  the  same 
initial  state.  This  total  intensity  should  be  proportional  to  the  number  of  atoms  in  that 
initial  state.20"  The  relative  contribution  of  3P2  and  3Pt  to  the  fluorescence  intensity  of 
the  unresolved  3P2>t  peak  was  estimated  using  the  measured  intensities  of  the  other 
multiplet  peaks  and  fluorescence  data  from  Reader  and  Corlis.'9  The  latter  was  found 
to  agree  well  with  relative  multiplet  intensities  calculated  from  pure  Russell-Saunders 
coupling.200  We  make  the  assumption  that  the  major  fluorescence  pathways  are  3P  -*  3D, 
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Flg.3.  Emission  spectra  induced  by  collisional  transfer  from  Sr  6' Pi:  fluorescence  intensity  vs. 
wavelength  with  (a)  He  as  collision  partner  and  (b)  Xe  as  collision  partner.  Initial  states  of  the 
transitions  are  indicated  above  the  peaks  in  (a);  wavelengths  of  the  transitions  are  indicated 
below  the  spectrum  in  (b).  The  laser  is  polarized  perpendicular  to  the  initial  relative  velocity  vector. 


‘D-»  'D,  3D  and  JF  -* 3D.  This  is  reasonable  since  both  intercombination  lines  and 
infrared  transitions  are  expected  to  be  relatively  weak;  the  latter  is  weak  because  of  the 
*»~3  dependence.  We  also  must  assume  that  the  lifetimes  of  all  seven  collisionally 
populated  states  are  approximately  the  same,  since  the  specific  gate  width  and  delay 
used  in  our  experiments  may  introduce  a  sampling  bias.  A  crude  fluorescence-lifetime 
measurement  of  groups  of  states  suggests  that  this  is  a  reasonable  assumption.  From 
these  assumptions,  estimates  of  the  branching  fractions  into  various  states  for  both  He 
and  Xe  as  collision  partners  are  shown  in  fig.  4,  along  with  a  statistical  population 
distribution  based  on  relative  degeneracies  for  comparison.  The  population  distribution 
for  collision  with  Xe  approaches  much  more  closely  that  of  a  statistical  distribution 
than  the  result  for  He.  This  suggests  that  the  strongly  polarizable  Xe  mixes  the  product 
states  more  completely.  It  should  be  noted  that  previous  results  for  the  branching 
fractions  with  Kr  as  the  collision  partner  are  also  very  close  to  statistical.'8 


(*)  Alfgraeat  Effects 

Qualitatively  different  alignment  effects  are  readily  observed  for  many  of  the  collisionally 
produced  states,  as  assessed  from  spectra  taken  with  different  laser  polarizations.  Fig. 
5(a)  shows  two  scans  of  the  3P0  and  3P,  peaks  with  He  as  the  collision  partner,  first 
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Table  1.  Relative  fluorescence  intensities  for  collisional  transfer 
from  Sr  5s6p  'P, 


transition  from 
collisionally 
produced  state 

collision  partner" 

A  nm 

helium 

xenon 

r  2.1  **  L>3,2 

638.8 

36.8  ±0.9 

17.7±  1 

639.0 

3P2-3D2 

634.8 

8.6±0.5 

1.5  ±0.8 

"*  3Di 

632.4 

t" 

C 

3P,-3D, 

636.6 

2.1  ±0.2 

2.1  ±1.0 

3Po-3D, 

637.2 

2.9  ±0.3 

2.4  ±1.0 

3f4^3d3 

641.0 

4.0  ±0.3 

20.0  ±1.1 

3f3->3d2 

650.6 

28.6±0.8 

29.0  ±1.3 

■*  3d3 

654.9 

3.8  ±0.3 

4.0  ±0.6 

3f2-3d, 

661.9 

0.6  ±0.6 

9.9  ±0.8 

^3d2 

664.5 

_ 

3.4±0.5 

-3d, 

669.0 

f 

- C 

730.9 

10.4  ±0.5 

7.6  ±0.7 

3D, 

638.2 

2.1  ±0.3 

2.4  ±0.5 

-3D2 

640.7 

- ‘ 

C 

-*3d3 

644.8 

_ d 

_ d 

“  Normalized  to 

100.  h  The 

unresolved 

peak  for  3P> ,  is 

included.  ‘  No  fluorescence  observed.  J  Not  resolved;  assumed 
negligible. 


Fig.  4.  Approximate  collisionally  produced  state  populations.  Three  distributions  of  relative  state 
populations  are  given:  (a)  the  distribution  produced  with  He,  (b)  that  with  Xe  and  (c)  a  statistical 
distribution.  Each  population  distribution  is  normalized  to  100. 
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wavelength 


Fig.  5.  Qualitatively  different  alignment  effects  for  He  as  the  collision  partner,  (a)  Emission 
spectrum  of  transitions  originating  from  the  3P,  and  3P0  states  with  the  laser  polarization  perpen¬ 
dicular  (1)  and  parallel  (||)  to  the  intial  relative  velocity  vector.  (i>)  The  same  as  in  (a)  only  now 

the  transition  is  from  the  JF3  state. 


with  the  laser  polarization  perpendicular  to  the  relative  velocity  vector,  then  with  the 
parallel  laser  polarization.  It  is  clear  that  the  3P0  state  is  preferentially  populated  by 
collision  when  the  laser  polarization  is  perpendicular  to  the  initial  relative  velocity 
vector,  while  the  3P,  state  shows  little  preference.  Fig.  5(h)  shows  the  opposite  alignment 
efiect  for  the  3F3  state,  which  is  preferentially  produced  with  a  parallel  laser  polarization. 
In  these  spectral  scans,  the  fluorescence  intensities  are  normalized  to  the  !P,  signal  to 
correct  for  drifts  in  laser  intensity  and  Sr-beam  density. 

More  quantitative  measurements  of  the  alignment  effects  are  made  for  each  state  by 
monitoring  the  fluorescence  intensity  at  a  fixed  monochromator  wavelength  as  a  function 
of  angle,  0,  between  the  laser  polarization  and  the  initial  relative  velocity  vector,  as 
shown  in  fig.  6.  Measurements  at  each  angle  are  taken  both  with  and  without  the  rare-gas 
beam.  Fig.  6  shows  the  difference  between  the  respective  fluorescence  signals.  Because 
the  stability  of  the  laser  and  atom  beam  densities  is  good  over  the  duration  of  these 
experiments,  no  further  normalization  was  necessary.  Most  sets  of  data  consist  of  three 
independent  runs  which  are  averaged  together.  The  error  bars  show  the  standard 
deviation  of  several  measurements  taken  at  one  angle.  A  least-squares  fit  is  made  to 
the  data  with  the  functional  form 


1(0)  -  (/«.  +  lm*)/ 2+ [( -  /m,»)/2]  cos  [2(0  -  0m„)] 
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Fig.  6.  Alignment  effects:  relative  fluorescence  intenstiy  vs.  angle,  0,  between  the  polarization  of 
the  laser  and  the  initial  average  relative  velocity  vector  of  the  collision  partners.  The  solid  lines 
are  least-squares  fits  to  the  theoretically  expected  form.  The  dotted  circles  are  for  the  unresolved 
emission  from  the  sum  of  the  3P,  and  3P2  states  for  Xe.  #,  He;  O,  Xe. 


where  /(/ 3)  is  the  measured  intensity  of  fluorescence  at  the  angle  0  between  the  laser 
polarization  and  the  relative  velocity  vector.  The  values  of  /max,  /min  and  0max  are 
extracted  from  the  least-squares  fit.  The  ratio  of  and  0max  are  given  in  table 

2.  For  easy  comparison  between  different  collisionally  produced  states,  we  show  in  fig. 
6  the  data  and  the  fit  for  the  ‘normalized’  relative  fluorescence  intensity,  /„|(0),  which 
is  obtained  by  dividing  the  observed  fluorescence  intensity  by  the  average  fluorescence 
intensity: 


/re,(0)  =  2/(0)/(/mux + 

=  l+[(fma,-fn,in)/(/ma,+ A„m)]  COS  [2(0  -  0max)]. 

The  strong  emission  peaks  for  3P,  and  3P3  at  639.0  and  638.8  nra,  respectively,  were 
not  resolved.  Rather,  the  alignment  effects  for  these  two  states  with  He  as  a  collision 
partner  were  measured  using  the  well  resolved  peaks  at  636.6  and  634.8  nm,  respectively. 
In  the  case  of  Xe  as  the  collision  partner  these  latter  spectral  features  were  too  weak 
to  be  measured,  so  only  the  alignment  effect  for  the  combined  3P3-,  emission  peak  was 
measured,  as  indicated  by  the  dotted  data  points  for  the  3P2  state  in  fig.  6.  The  analyses 
to  determine  the  alignment  effects  for  the  3P3 ,  emission  peak  produced  with  Xe  and 
the  3P,  peak  produced  with  He  gave  values  of  0max  nearer  to  45°.  Since  there  is  no 
physical  basis  for  such  a  result,  we  conclude  there  to  be  no  discernible  alignment 
preference,  as  noted  in  table  2. 
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Table  2.  Summary  of  alignment  effects  and  angle  of  maximum  fluores¬ 
cence  intensity  for  Sr  5s6p  1 P,  transfer 


collisionally 
produced  state 

preferred  laser 
polarization 

^max/  Anin 

% 

helium  as  collision  partner 

X  1.91  ±0.14 

85.6  ±2.9 

3P, 

none  discernible* 

— 

— 

3Po 

X 

4.09  ±1.56 

89.0  ±5.5 

-f4 

X 

2.48  ±0.25 

90.0  ±2.7 

’Fj 

II 

2.25  ±0.1 8 

-6.65  ±2.6 

3f2 

_ 

_ 

■d2 

1 

2.37  ±0.29 

88.4±3.5 

3P21 

xenon  as  collision  partner 
none  discernible'’  — 

3Po 

c 

_ 

_ 

'f4 

X 

1.31  ±0.07 

82.6  ±5.4 

3f3 

X 

1.21  ±0.05 

82.4  ±5.4 

3f2 

X 

2.22  ±0.1 8 

79.9  ±2.8 

■d2 

X 

2.18±0.16 

83.0±2.4 

“  /3ma>  is  the  angle  between  the  laser  polarization  and  the  initial  relative 
velocity  vector.  h  Fluorescence  signal  observed.  ‘  Fluorescence  signal 
too  weak. 


Fig.  7.  Summary  of  alignment  data:  the  ratio  of  maximum-to-minimum  fluorescence  intensity  is 
shown  for  each  collisonionally  produced  state.  States  showing  no  preference  for  either  polarization 
have  a  ratio  of  1.  States  which  prefer  perpendicular  laser  polarization  have  their  ratio  plotted 
above  the  line;  those  which  prefer  parallel  laser  polarization  are  below  the  line.  The  dotted  square 
corresponds  to  the  measurement  with  Xe  using  the  unresolved  }P2.i  peak.  ■.  He;  □,  Xe. 
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We  note  that  the  maximum  fluorescence  intensity  is  not  at  exactly  /3  =  0  or  90°,  but 
at  slightly  smaller  angles.  This  may  be  attributed  to  an  incorrect  characterization  of  our 
atomic  beams,  to  momentum  transfer  from  the  rare-gas  beam  to  the  Sr  that  occurs  before 
the  laser  pulse,  or  to  a  strong  dependence  of  the  cross-section  on  velocity,  which  might 
skew  the  angle  away  from  that  anticipated. 

A  complete  summary  of  the  observed  alignment  effects  is  given  both  in  table  2  and 
in  fig.  7.  The  size  of  the  effects  are  characterized  in  fig.  7  by  the  ratio  of  maximum-to- 
minimum  fluorescence  intensity;  the  vertical  axis  on  the  plot  in  fig.  7  also  displays  which 
laser  polarization  results  in  the  most  fluorescence.  Points  above  the  horizontal  line 
marked  unity  represent  a  higher  cross-section  for  perpendicular  laser  polarization;  points 
below  the  line  have  a  higher  cross-section  for  parallel  polarization.  The  dotted  square 
point  for  xenon  lying  between  the  3P,  and  3P2  states  corresponds  to  the  measurement 
using  the  unresolved  3P2.,  peak. 


Discussion 

For  low-collision-energy  systems  such  as  ours,  a  molecular  picture  of  the  collision 
process  is  expected  to  be  appropriate  when  the  atoms  are  close  to  each  other.2  Two 
molecular  states,  11(11  =  1)  and  l(Cl  =  0+),  correlate  to  the  initial  6  ‘P,  atomic  state,  while 
21  molecular  states  correlate  to  the  final  seven  atomic  states,21  as  shown  in  table  3. 
Energy  transfer  is  expected  to  occur  most  readily  by  radial  coupling  via  avoided  crossings 
between  adiabatic  molecular  potential-energy  curves  of  the  same  value  of  Cl,  which  can 
be  correlated  with  various  initial  and  final  atomic  states.  In  the  absence  of  such  radial 
coupling,  weaker  angular  coupling  between  states  differing  in  fl  by  ±1  would  then  be 
expected  to  dominate.22  The  actual  mechanism,  however,  depends  on  the  nature  of  the 
diabatic  potentials,  the  non-adiabatic  couplings,  the  relative  velocity,  the  impact  param¬ 
eter  and  the  initial  state  prepared.  Although  relevant  potential-energy  curves  are  not 
yet  available,  we  can  make  significant  progress  in  interpreting  the  results  from  symmetry 
and  energy  considerations. 

Experimentally  the  system  is  prepared  at  large  intemuclear  separation  with  the  Sr 
p  orbital  along  the  polarization  vector  of  the  laser.  Preparation  of  an  atomic  orbital 


Table  3.  Adiabatic  correlation  of  atomic  states,  in  order  of  decreas¬ 
ing  energy,  with  molecular  states 


atomic  states 

molecular  states  (fl) 

initial  state 

‘P,“ 

final  states 

1  (11) 

0+(£) 

3P: 

2 

1 

0' 

3f4 

4  3 

2 

1 

0" 

Jp,fc 

1 

0+ 

3Poc 

O' 

‘Dl 

2 

1 

O' 

3 

2 

1 

0* 

3f2 

2 

1 

O' 

°  The  intial  atomic  state  correlates  to  two  molecular  states:  fl  =  0* 
corresponding  to  a  £  alignment  of  the  p  orbital  with  respect  to  the 
intemuclear  axis,  and  fl  =  1  corresponding  to  a  n  alignment.  h  Only 
these  two  final  atomic  states  correlate  to  molecular  states  with  the 
same  value  of  fl  as  the  'P|  state.  r  This  is  the  only  final  state  which 
does  not  correlate  to  a  molecular  state  with  the  same  value  of  fl 
as  the  'P,  n  state. 
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with  the  laser  polarization  parallel  to  the  initial  relative  velocity  vector  results  in  an 
asymptotic  2  molecular  state,  while  preparation  by  the  perpendicular  polarization  results 
in  an  asymptotic  n  molecular  state.  We  note  that  since  the  ‘P,  state  is  free  from  both 
fine  and  hyperfine  interactions,  and  since  the  effect  of  external  magnetic  fields  is  negligible 
within  the  lifetime  of  the  state,  the  orbital  should  retain  its  initial  alignment  at  large 
intemuclear  distances. 

An  important  consideration  is  whether  the  p  orbital  maintains  its  molecular  alignment 
as  the  atoms  approach.  This  depends  on  the  impact  parameter,  the  anisotropy  of  the 
electrostatic  interaction  and  the  relative  velocity.  An  impact  parameter  of  zero  results 
in  perfect  preservation  of  molecular  alignment  at  the  distance  of  closest  approach  (e.g. 
2  remains  2),  while  all  impact  parameters  large  enough  so  that  there  is  negligible 
interaction  between  the  atoms  result  in  a  reversal  of  the  initial  molecular  alignment  at 
the  distance  of  closest  approach  (e.g.  2  becomes  II). 

Since  this  experiment  averages  over  impact  parameter,  the  most  relevant  question 
is  whether  the  prepared  molecular  alignment  of  the  p  orbital  is  maintained  for  those 
collisions  which  contribute  the  most  to  the  transition  probability.  If  the  main  contribution 
to  the  transition  probability  occurs  at  small  intemuclear  separation,  or  if  it  requires  a 
large  radial  velocity,  then  only  small  impact  parameter  collisions  will  be  successful  in 
causing  the  transition.  In  this  case,  the  collisions  which  would  be  effective  in  producing 
transitions  would  most  likely  preserve  the  initial  molecular  alignment  as  the  atoms 
approach  each  other.  If  the  main  contribution  to  transition  probability  occurs  at  large 
intemuclear  separation,  the  initial  molecular  alignment  might  be  somewhat  preserved 
if  the  anisotropy  of  the  electrostatic  interaction  and  thus  the  propensity  to  ‘lock’  the 
orbital  occurs  at  even  larger  R.  The  concept  of  a  locking  radius,  however,  is  not  fully 
agreed  upon,12,8,23  (We  also  note  that  several  results  which  are  seemingly  contradictory 
to  expectation  have  been  interpreted  on  the  basis  of  reversal  of  initial  molecular  alignment 
for  large-impact-parameter  collisions.2) 

Maunders  et  aL'012  and  others'-2’8,6  have  successfully  used  the  above  picture  with 
preservation  of  initial  molecular  alignment  to  interpret  many  experimental  results,  such 
as  the  collisional  energy  transfer  in  the  Ne**-He  system.  However,  Alexander  and 
Pouilly23  have  interpreted  their  quantum-mechanical  calculations  with  an  alternative 
picture  involving  an  indeterminate  orbital  alignment.  We  choose  here  to  interpret  the 
present  results,  which  show  strong  alignment  effects,  by  assuming  preservation  of  initial 
molecular  alignment.  In  the  absence  of  known  potential-energy  curves,  we  do  not 
attempt  to  guess  the  mechanism  for  the  preservation.  Nevertheless,  excellent  agreement 
between  the  observed  and  expected  alignment  dependences  is  obtained,  suggesting  that 
molecular  alignment  preservation  may  be  a  good  picture  in  this  case. 

(a)  Interpretation  of  Results  with  Helium 

Table  3  shows  the  values  of  fi  for  all  the  molecular  states  which  correlate  to  the  eight 
initial  and  final  atomic  Sr  states  arranged  in  decreasing  order  of  energy.  It  can  immedi¬ 
ately  be  seen  that  there  are  only  two  final  states,  3P,  and  3F} ,  which  correlate  to  molecular 
states  with  the  0+  value  of  ft,  which  is  the  value  of  the  molecular  state  corresponding 
to  the  2  alignment  of  the  Sr  'P,  p  orbital.  Experimentally,  it  should  be  noted  that  these 
are  also  the  only  two  states  which  do  not  show  a  preference  for  perpendicular  laser 
polarization  with  He.  We  also  immediately  see  that  only  one  final  state,  3P0,  correlates 
to  a  molecular  state  whose  value  of  ft  (O')  differs  from  that  of  both  initial  molecular 
states  ( 1  and  0+).  By  conservation  of  reflection  symmetry24  the  0~  molecular  state  cannot 
couple  directly,  either  radially  or  angularly,  to  the  0+  molecular  state  corresponding  to 
the  2  alignment;  however,  it  can  couple  to  the  ft  *  1  state  through  angular  coupling. 
This  symmetry  constraint  appears  to  be  a  powerful  predictive  tool,  since  experimentally 
the  3P0  state  shows  strong  preference  for  the  perpendicular  laser  polarization  as  expected. 
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Thus,  many  of  the  observed  results  with  He  are  correctly  anticipated  if  the  above 
molecular  picture  and  molecular  alignment  preservation  concept  are  valid.  The  perpen¬ 
dicular  laser  polarization  prepares  a  p  orbital  aligned  perpendicular  to  the  initial  relative 
velocity  vector,  which  correlates  primarily  to  the  II  molecular  state,  enabling  radial 
coupling  to  the  nearby  3P2  state.  The  0+  component  of  the  'Pi  state  can  only  form  the 
3P2  state  through  angular  coupling.  The  large  branching  fraction  into  the  3P2  state  for 
He  and  the  strong  preference  for  perpendicular  alignment  corroborate  this  picture. 
Preference  production  of  the  3P2  state  has  also  been  seen  in  analogous  cases  of  energy 
transfer,  such  as  Cd,25“  Ba,256  and  Hg.26  Multiple  avoided  crossings  with  the  many 
other  states  of  the  same  value  of  ft  =  1  would  also  distribute  population  among  those 
states  with  perpendicular  preferences.  The  notable  exception  is  the  3F3  state,  which  is 
discussed  below.  The  smaller  branching  fractions  for  3F4  and  *D2  indicate  less  effective 
coupling,  while  their  slightly  larger  alignment  effect  may  be  a  result  of  crosssings  at 
smaller  intemuclear  separation.  This  may  not  be  unreasonable  given  the  larger  energy 
gap  of  3F4  and  'D2  from  the  'Pi-  The  3F2  state,  which  is  the  furthest  away  in  energy, 
is  not  significantly  populated  at  all,  possibly  indicating  the  absence  of  an  effective 
avoided  crossing.  Only  one  state,  3P0,  cannot  have  an  avoided  crossing  with  either 
initial  component  of  'P,.  As  mentioned  above,  although  reflection  symmetry  prohibits 
the  3P0  state  from  coupling  directly  to  the  0+  state,  angular  couplings  may  enable  the 
transition  between  0=1  and  0~;  this  may  be  reponsible  for  the  very  large  perpendicular 
alignment  effect.  We  note  that  Alexander  and  Pouilly23  also  predict  a  prefemece  for 
perpendicular  polarization  to  form  this  state  in  the  analogous  Ca  system,  based  on  their 
alternative  description  of  the  collision  process. 

Parallel  laser  polarization  prepares  a  p  orbital  aligned  along  the  initial  relative 
velocity  vector,  which  correlates  to  the  2  molecular  state.  This  enables  radial  coupling 
primarily  to  either  of  the  two  ft  =  0+  molecular  states  that  correlate  to  the  3F3  and  3P, 
atomic  states.  Thus  it  may  not  be  surprising  that  all  the  atomic  states  except  these  two 
show  a  preference  for  the  perpendicular  laser  polarization.  The  large  branching  fraction 
into  the  3F3  state,  despite  its  distance  from  the  initial  atomic  state  and  its  strong  preference 
for  parallel  laser  polarization,  suggests  a  very  effective  coupling  through  an  avoided 
crossing  with  the  initial  2  state.  A  simple  intuitive  picture  of  the  molecular  state 
correlations2'  suggests  that  the  0+  state  correlating  to  the  3F3  state  has  more  2  character 
and  thus  may  be  more  repulsive  than  the  0*  state  correlating  to  the  5P,  atomic  state, 
which  has  more  II  character.  This  might  result  in  a  primary  avoided  crossing  of  the 
initial  2  state  with  the  3F3  state;  a  secondary  avoided  crossing  may  occur  between  the 
3P,  and  3F3  states  at  larger  R.  The  lack  of  discernible  alignment  preference  for  the  3P, 
state  may  indicate  relatively  equal  coupling  to  both  initial  states  in  this  case. 

(h)  Interpretation  of  Renta  with  Xe 

The  above  discussion  using  molecular-state  symmetries  and  relative-state  energies  holds 
equally  well  for  Xe  as  the  collision  partner;  yet  there  are  obvious  differences  in  the 
results  with  Xe.  Adiabatic  molecular  potential-energy  curves  with  the  heavier  rare  gases 
will  have  qualitatively  different  appearances  than  those  with  the  light  He,  owing  to  the 
more  polarizable  nature  of  the  heavy  rare  gas.  The  well  depths  may  be  much  deeper 
and  thus  contain  more  avoided  curve-crossings,  which  will  mix  the  product  states  more 
fully;  the  avoided  crossings  may  also  occur  at  larger  intemuclear  distances,  which  are 
accessed  by  large  impact  parameter  collisions,  thus  changing  the  degree  of  preservation 
of  initial  molecular  alignment.  It  may  therefore  intuitively  be  expected  that  the  branching 
fractions  will  tend  to  be  more  statistical,  and  the  alignment  effects  may  not  be  as  large. 
Indeed,  this  is  what  is  observed.  A  statistical  population  distribution  has  also  been  seen 
in  the  Sr-Kr  system."  In  addition,  the  relative  velocity  for  collision  with  Xe  is  much 
lower  in  our  experiment  than  that  for  He.  This  may  change  the  non-adiabatic  coupling 
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between  the  molecular  states.  The  reversal  of  the  direction  of  the  alignment  effect  for 
the  3F3  state  between  He  and  Xe,  where  perpendicular  polarization  is  preferred  with 
Xe,  while  parallel  polarization  is  preferred  with  He,  may  indicate  in  the  Xe  case  an 
accessible  avoided  crossing  between  the  fl  =  1  curves. 

We  emphasize  that  the  above  interpretations  are  not  unique;  without  relevant  poten¬ 
tial-energy  curves,  several  explanations  can  be  proposed.  Therefore,  potential-energy 
curves  for  this  system  and  further  theoretical  work  will  be  most  important  to  be  obtained. 


Conclusion 

Despite  the  high  density  of  atomic  states  for  this  system,  large  selectivitives  in  both  the 
branching  fractions  and  alignment  effects  for  several  states  are  observed.  The  results 
have  been  interpreted  using  symmetry  and  energy  considerations  in  a  molecular  picture 
with  preservation  of  molecular  alignment  in  the  collision.  Potential-energy  curves, 
perhaps  obtained  by  a  van  der  Waals  molecule  spectroscopy  experiment  on  the  complex 
Sr-Xe,  would  be  very  useful  in  determining  the  pathways  and  curve-crossings  responsible 
for  the  observed  selectivity. 

We  thank  Karen  Carleton  for  having  designed  the  apparatus.  Generous  support  for 
this  work  was  provided  for  by  the  National  Science  Foundation. 
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Differential  Scattering  of  Na(3P)  from  HF: 
Reactive  and  Non-reactive  Processes 

R.  Diiren,*  S.  Milosevic, +  U.  Lackschewitz  and  H.  J.  Waldapfel 

Max-Pianck-Institut  fur  Stromungsforschung  Gottingen,  D-3400  Gottingen, 
Bunsenstrafle  10,  Federal  Republic  of  Germany 


Double  differential  cross-sections  for  the  scattering  of  a  laser-excited  Na 
beam  from  an  HF  beam  have  been  measured  at  collision  energies  between 
0.29  and  0.86  eV.  To  the  observed  quantity  ground-state  collisions  contribute 
with  non-reactive  events,  and  excited-state  collisions  contribute  with  reactive 
and  non-reactive  events.  Therefore  the  analysis  of  the  data  allows  us  to 
determine  sound  estimates  for  characteristics  of  the  potential-energy  surfaces 
and  the  dynamics  of  the  reaction.  The  effect  of  alignment  of  the  attacking 
atom  has  also  been  studied.  Our  results  show  that  this  influence  is  small 
(2.5% )  and  is  connected  with  the  non-reactive  channels. 


Judging  from  the  number  of  publications,  reactions  of  alkali-metal  atoms  with  hydrogen 
halide  molecules  have  attracted  great  interest  in  experiments  on  theory.  So  far  most  of 
the  experimental  work  referred  to  the  electronic  ground  state  of  the  alkali-metal  atom, 
but  the  effect  of  translational, 14  vibrational4"6  and  rotational5"7  energy  upon  the  reaction 
has  been  studied.  It  is  only  recently  that  also  the  influence  of  electronic  excitation  of 
the  alkali-metal  atom  has  been  investigated.8'10  The  evaluation  and  interpretation  of 
these  data  is  not  at  all  settled,  but  the  solution  can  be  sought  now,  as  quantum-chemical 
work  becomes  available.  Indeed,  a  fair  amount  of  data  for  ground  state"'13  and 
excited-state  interaction14"16  has  appeared.  Based  on  these  results  from  quantum 
chemistry,  the  dynamics  of  these  processes  have  been  studied  theoretically.17"19  As  a 
common  result  a  reaction  path  associated  with  a  non-adiabatic  transition,  a  model  well 
known  in  non-reactive  processes,  may  be  considered  to  be  established. 

In  our  work  we  have  concentrated  on  Na  colliding  with  HF.  This  system  appeared 
to  be  a  suitable  candidate  to  serve  as  a  model  for  this  type  of  interaction,  allowing  easy 
access  to  the  electronically  excited  state  in  experiments  and  reliable  results  in  quantum 
chemistry  with  reasonable  effort.  The  energetics  of  this  reaction  are  shown  in  fig.  1: 
The  ground-state  reaction  is  seen  to  be  endothermic  by  ca.  0.89  eV,20  which  is  not 
surmounted  by  the  collision  energy  (in  our  experiment  this  varies  between  0.29  and 
0.86  eV).  With  the  energy  of  the  photon  (2.01  eV)  and  the  translation]  energy  this 
changes  to  an  exothermic  reaction.  It  should  be  noted  from  fig.  1  that  other  channels 
can  be  safely  neglected.  Even  though  these  data  are  not  too  well  established  in  the 
literature,  we  can  consider  these  estimates  to  be  sound,  anticipating  one  of  our  results, 
namely  that  our  time-of-flight  results  show  no  indications  of  these  channels.  Three 
points  of  our  experimental  work  may  deserve  special  emphasis:  (1)  we  measure  double 
differential  cross-sections  (energy-  and  angle-resolved)  to  obtain  by  this  measurement 
(as  demonstrated  through  the  years  of  beam  work  with  elastic  and  inelastic  processes) 
the  highest  available  information.  (2)  We  evaluate  not  only  the  reactive  part  of  these 
cross-sections,  but  the  non-reactive  part  as  well.  These  latter  measurements  with  their 
well  resolved  structures  (e.g.  from  rainbow  scattering)  are  used  to  determine  correspond¬ 
ing  characteristic  data  of  the  entrance  side  of  the  reaction.  (3)  The  polarization  of  the 
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Fig.  1.  Energetics  of  the  interaction  of  ground-state  Na  and  electronically  excited  Na  with  HF. 

exciting  laser  light  allows  us  to  select  the  alignment  of  the  initial  state.  A  new  method 
has  been  developed21  to  discriminate  between  the  dependence  of  reactive  and  the 
non-reactive  contribution  to  the  measured  signal  upon  the  polarization. 

Experimental 

The  experimental  apparatus  has  been  described  in  some  detail  before'022  and  a  brief 
summary  may  be  sufficient.  The  Na  and  the  HF  beams  cross  each  other  at  right  angles, 
defining  a  scattering  volume  of  3  x  1.5  x  1.5  nun’.  The  Na  beam  is  produced  as  a  seeded 
beam  allowing,  by  the  variation  of  the  temperature,  the  pressure  and  the  carrier  gas 
(He,  Hj,  Ne),  a  velocity  variation  between  1500  and  4500  ms-1,  which  leads  to  collision 
energies  between  0.14  and  1.1  eV  (ECM).  The  width  of  the  velocity  distribution  varies 
between  15  and  20%.  This  beam  is  well  collimated  (SO  =  0.5°)  to  allow  proper  (Doppler- 
free)  excitation  of  the  atoms.  The  HF  beam  is  produced  in  a  multichannel  oven,  placed 
10  mm  from  the  scattering  volume,  which  leads  to  a  substantial  angular  divergence 
(SO  -  35°).  This  angullar  divergence  and  the  velocity  distribution  do  not  contribute  too 
much  to  the  net  resolution  of  the  apparatus  owing  to  the  comparably  low  mean  velocity 
of  HF.  The  detector  rotates  around  the  scattering  volume  in  an  in-plane  arrangement. 
It  consists  of  a  rhenium  wire  as  ionizer  (by  surface  ionization),  followed  by  a  quadrupole 
mass  spectrometer.  The  wire  is  kept  at  a  temperature  of  1650  K,  which  was  chosen  to 
yield  equal  and  100%  ionization  efficiency  for  Na  and  NaF.23  At  this  temperature  the 
residence  time  on  the  wire  is  short  enough  («1  ns)  for  time-of-fiight  measurements. 
The  excitation  of  the  Na  atoms  is  performed  with  a  single-mode  c.w.  dye  laser,  tuned 
to  the  hyperfine  transition  Na(3  2S,o,  F  =  2)  ♦*  Na(3  F  =  3).  The  efficiency  of  this 
excitation  is  between  20  and  25%. 

Measure  meats 

The  measured  cross-sections  presented  below  were  obtained  with  this  basic  machine  in 
different  modes  of  operation,  differing  by  the  kind  of  preparation  and/or  detection. 

(1)  Total  Differential  Cross  section  for  the  Ground  State 

These  measurements  were  performed  by  switching  the  primary  beam  on  and  off,  record¬ 
ing  the  total  number  of  scattered  particles,  It.  Na  and  NaF  (if  present)  as  a  function 
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of  the  scattering  angle.  These  results  do  not  discriminate  between  non-reactive  and 
reactive  events.  The  purpose  of  these  results  is  to  obtain  eventual  structures  in  the 
cross-sections,  with  a  correlation  to  the  channels,  provided  by  other,  time-resolved, 
measurements  discussed  below  [see  (3)]. 

(2)  Total  Differential  Cross-sections  for  the  Excited  State 

As  above,  the  scattered  particles  were  not  selected  with  respect  to  their  flight  time.  The 
Measurement  was  again  achieved  by  lock-in  technique,  but  this  time  the  chopping  was 
performed  by  switching  the  laser  (and  consequently  the  population  of  the  excited  state) 
on  and  oil.  From  this  measurement  again  structures  in  the  cross-sections  were  obtained, 
with  the  correlation  to  channels  provided,  as  discussed  below  [see  (4)]. 

(3)  Double  Differential  Cross-sections  for  the  Ground  State 

To  check  the  validity  of  the  assumption  that  the  ground-state  reaction  is  endothermic, 
a  pseudo-random  chopper  was  installed  to  modulate  the  primary  beam.  Standard 
techniques  of  beam  work,  registration  in  a  multichannel  analyser  and  cross-correlation, 
is  applied  to  obtain  the  double  differential  cross-section.  No  reactive  signal  was  detected 
and  hence  the  cross-sections  obtained  in  a  measurement,  as  described  above  [see  (1)] 
were  attributed  to  ground  state  non-reactive  scattering  only. 

(4)  Double  Differential  Cross-sections  for  the  Excited  States 

For  this  measurement  the  intensity  of  the  exciting  laser  was  modulated  with  a  pseudo¬ 
random  sequence  by  means  of  a  Pockels  cell  with  subsequent  polarizer.  This  led  to  a 
modulation  of  the  population  of  the  excited  state  and  yielded  with  standard  techniques 
of  data-acquisition  the  non-reactive  and  the  reactive  differential  cross-section. ,0-25 


(5)  Time-resolved  Excited-state  Polarization-dependent  Cross-sections 

By  removing  the  polarizer  after  the  Pockels  cell  and  by  careful  adjustment  of  the  voltages 
at  the  Pockels  cell  and  the  laser  beam’s  geometry,  the  polarization  dependence  was 
measured  again,  applying  then  standard  techniques  to  the  measured  spectra.  This 
measurement  yields,  at  the  same  time,  very  accurate  polarization  differences  (owing  to 
the  high  speed  of  chopping)  and  this  quantity  is  selective  with  respect  to  the  non-reactive 
and  the  reactive  channels.21 


Results 

Fig.  2  shows  one  of  the  measurements  of  the  total  differential  cross-section  with  laser 
on,  laser  off  and  the  difference  signal.  In  addition,  the  reactive  total  differential  cross- 
section,  obtained  by  integrating  the  time-resolved  measurements  (discussed  below),  is 
given  for  comparison.  The  pattern  of  the  cross-section  shows  a  first  maximum  at  0  **  12° 
(laboratory)  and  another  at  9  =  60°  (laboratory)  for  both  laser  on  and  off.  The  extrema 
in  the  difference  signal  are  at  positions  different  from  these  with  laser  on  and  laser  off. 
This  indicates  that  two  patterns  are  hidden  in  the  laser  on  signal,  which  is  due  to  ground 
state  and  excited  state  scattering.  The  maximum  at  60°  in  the  laboratory  is  identified 
as  orbiting  in  accordance  with  the  nominal  Newton  diagram  and  vanishes,  as  it  should, 
with  increasing  collision  energy,  yielding  another  maximum  at  finite  angles  instead.  The 
ambiguity  concerning  the  two  patterns  in  the  laser-on  signal  is  resolved  in  the  measure¬ 
ment  of  the  ground-state  cross-section,  shown  in  fig.  3.  As  we  have  mentioned,  at  high 
energies  no  indication  for  reaction  could  be  found  and  the  total  measurements  represent 
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Fig.  2.  Total  differential  cross-section  for  the  interaction  of  Na  with  HF  at  a  collision  energy  of 
286  meV:  O,  laser  off;  •,  laser  on;  ■,  difference  laser  on/ off;  x,  reactive  cross-section. 


Fig.  3.  Total  differential  cross-section  for  the  interaction  of  ground-state  Na  with  HF  at  a  collision 

energy  of  147  meV. 
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the  non-reactive  cross-section.  This  result  shows  clearly  another  maximum  at  7°  and  an 
indication  of  a  second  maximum  at  20°.  The  latter  has  been  verified  by  measurements 
at  higher  energies. 

Measurements  of  which  we  have  given  the  two  examples,  were  performed  at  a  number 
of  collision  energies,  all  leading  mutatis  mutandis  to  the  same  results.  These  can  be 
used  as  a  common  basis  for  an  evaluation.  This  was  achieved  without  complicated  data 
reduction:  the  observed  pattern  was  directly  converted  to  its  centre-of-mass  counterpart 
by  rescaling  the  angles  with  the  help  of  the  most  probable  Newton  diagrams. 

A  feature  of  this  system  is  given  by  the  observation  that  the  reactive  cross-section 
is  small  compared  with  the  non-reactive  cross-section  for  all  energies.  This  means  that 
reactive  events  are  a  small  perturbation  to  the  non-reactive  events  and  that  the  latter 
can  be  evaluated  to  a  first  approximation  by  neglecting  reaction.  In  particular,  this  has 
the  consequence  that  structures  such  as  rainbow  maxima  can  be  treated  as  unperturbed. 
Trying  to  do  so,  another  complication  arises,  namely  that  the  rotational  and  the  collisional 
characteristic  times  are  nearly  equal  for  our  system.  As  a  consequence,  no  proper 
discrimination  between  averaging  target  or  static  target  applies.  On  the  other  hand,  the 
HF  molecule  is  highly  anisotropic  and  in  this  situation  a  double  rainbow,  reflecting  the 
scattering  from  the  two  ends  of  the  target,  may  still  be  visible.26  Simplifying  these 
complications  further,  but  expressing  strong  reservations  herewith,  we  evaluate  the 
observed  positions  as  rainbow  angles  with  the  simple  relation  0R  =  2 e/E,  which  yields 
values  for  a  ‘well  depth’  e  (with  known  collision  energy  E).  Note  that  the  values 
obtained  in  this  way  should  not  be  taken  as  exact  values  for  the  true  well  depth  of  the 
potenu?-<  for  Na  approaching  the  HF  in  the  linear  configuration.  This  can  be  seen  in 
the  IOS  approximation,  where  the  cross-section  is  the  (sin  -y)  weighted  average  of 
cross-sections,  calculated  for  fixed  orientation  with  a  corresponding  angle-independent 
potential.  Clearly  the  competition  between  the  averaging  and  the  actual  rainbow  struc¬ 
ture  eventually  determines  a  structured  envelope  with  positions  of  extrema  which  in 
general  will  not  be  equal  to  these,  corresponding  to  a  collinear  approach,  even  though 
they  will  clearly  be  correlated.  In  summary,  it  seems  to  be  a  good  approach  to  think 
of  these  values  as  an  average  of  the  well  depth  within  one  or  other  hemisphere  of  the 
molecule.  A  summary  of  all  the  observed  positions  of  maxima  is  given  in  fig.  4,  where 
the  reciprocal  observed  angles  (in  the  CM  system)  are  plotted  versus  the  collision  energy. 
Clearly  the  points  are  seen  to  lie  on  lines  through  the  origin,  indicating  that  an 
interpretation  of  these  maxima  as  rainbow-like  is  acceptable.  From  the  slope  of  these 
lines  we  obtained  the  values  of  ‘well  depths’  given  in  table  1. 

Fig.  5  shows  measured  time-of-flight  spectra  at  a  collision  energy  of  286  meV  for 
various  scattering  angles.  At  low  scattering  angles  the  spectra  are  seen  to  exhibit  two 
well  resolved  maxima.  The  first  (high)  peaks  correspond  to  non-reactive  scattering  and 
the  sequence  of  their  amplitudes  with  increasing  angle  properly  reflects  the  rainbow 
scattering,  discussed  above.  The  broad  late  maximum  is  due  to  reactive  scattering,  which 
vanishes  for  large  angles.  All  these  results  and  the  identification  as  non-reactive  and 
reactive  parts  are  in  agreement  with  the  nominal  Newton  diagram. 

Compared  to  the  total  differential  cross-sections  discussed  above  and  the  non-reactive 
part  in  the  time-resolved  cross-section  the  reactive  part  needs  a  more  sophisticated 
evaluation.  We  chose  to  simulate  the  laboratory  distribution  by  forward  convolution 
of  parametrized  centre-of-mass  distribution  as  a  product  of  angular  and  energy  distribu¬ 
tions: 


d2g 
d  w  d  E 


aw 


The  distributions  of  the  beams,  required  for  the  forward  convolution,  have  been  obtained 
by  measuring  the  Na  distribution  and  applying  a  distribution  for  HF,  measured  in 
another  laboratory,5  modified  for  our  arrangement.  Note  that  the  resolution  of  the 
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Fig.  4.  Reciprocal  positions  of  maxima  observed  in  the  differential  cross-section  versus  the  collision 

energy. 

reactive  and  non-reactive  parts  is  good  enough  to  achieve  the  best  fit  to  the  reactive 
part  without  problems. 

The  best-fit  results  for  three  energies  as  centre-of-mass  distributions  are  shown  in 
fig.  6.  (A)  shows  the  angular  part,  while  (B)  shows  the  distribution  of  internal  energies. 
Three  results  are  given  with  each  figure:  the  full  line  (best  fit)  and  broken  lines  (variations) 
are  still  acceptably  in  agreement  with  the  experiment.  One  example  of  a  best  fit  is  shown 
in  fig.  5  as  well  for  the  reactive  part  as  a  full  line.  These  results  show  pronounced 
forward  scattering  in  the  angular  part  at  low  energies,  which  has  a  tendency  to  wash 
out  to  isotropic  scattering  at  high  energies.  In  the  energy  part  a  comparably  broad 
distribution  is  observed,  reaching  from  low  to  high  values  with  averages  of  (£int)  =  0.5 7, 
0.77  and  0.99  eV  for  the  three  energies  given. 

The  polarization  dependence  of  the  cross-sections  was  measured  twice.  First  a  ‘total' 
measurement  was  performed,  where  the  degree  of  polarization  for  alignment  parallel 
and  perpendicular  to  the  atomic  beam  was  determined.  The  result  is  a  weak  dependence, 
varying  substantially  with  the  scattering  angle  between  -2.5  and  +2.5%  from  small  to 
large  angles,  including  a  structure  with  two  zeros.  This  measurement  leads  to  an 
ambiguity:  since  the  detector  does  not  discriminate  between  Na  and  NaF  the  question 


Table  t.  Results  of  a  simplified  evaluation  of  observed  maxima  in  the  cross-sections  to  yield 
averaged  values  of  the  well  depth  (see  text)  and  comparison  with  the  calculated  well  depth,  e“ 


ground-state  interaction 

p-state  interaction 

e,,/meV  «,2/meV  e,2/meV 

fp,/meV 

ep2/meV 

ep2/meV 

17  ±2  65  ±1  80 

92  ±3 

337  ±5 

500 

*  From  ref.  (16),  considering  a  linear  approach  of  Na  to  FH  (from  the  F  side). 
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Fig.  5.  Double  differential  cross-section  for  the  scattering  of  Na(3S)  and  Na(3P)  from  HF  as 
time-of-flight  spectra  at  a  collision  energy  of  286  meV.  0CM  =  14.5°,  $L  =  34.1°. 

is  open  whether  this  observed  effect  refers  to  the  non-reactive  or  to  the  reactive  contribu¬ 
tion  to  the  signal.  This  ambiguity  can  be  resolved  by  combining  time-of-flight  and 
polarization  measurements  in  the  manner  described  above.  We  find  then  that  at  the 
rainbow  angle,  where  the  polarization  dependence  of  the  total  signal  is  the  highest,  this 
influence  is  exclusively  due  to  the  non-reactive  part. 

From  angle-  and  energy-resolved  measurements  we  have  finally  estimated  the  integral 
reactive  cross-section  by  integrating  the  measured  data  in  the  same  way  as  in  ref.  (3). 
The  result  of  this  estimate  yields  values  between  1  and  2  A2  in  the  energy  range  0.2-1  eV. 
A  tendency  for  a  linear  increase  with  increasing  energy  is  inferred  from  the  data,  but 
the  large  errors  in  this  estimate  preclude  a  firm  statement  on  this. 

Discussion 

To  gain  further  insight  into  the  reaction,  the  recent  quantum-chemical  calculations  for 
the  alkali-metal-hydrogen  halide  reactions  with  excited  alkali-metal  states'4'16  provide 
a  solid  basis.  Accordingly  the  reaction  to  yield  the  alkali-metal  halide  molecule  is  more 
or  less  endothermic  for  the  ground  state  and  exothermic  in  the  excited  state.  The 
interaction  in  the  excited  state  leads  to  a  substantial  well  in  the  entrance  channel.  If 
reaction  occurs,  it  has  to  proceed  through  a  non-adiabatic  transition,  in  which  the 
entrance  surface  for  the  electronically  excited  state  is  coupled  to  the  ground-state  surface 
of  the  exit  channel.  The  transition  region  is  defined  by  some  bent  geometry  with  a  more 
or  less  pronounced  conical  intersection.  At  the  same  time  as  this  transition  strong 
distortions  of  the  electronic  arrangement,  associated  with  electron  jumps,  occur. 

Some  of  these  general  statements  can  also  be  inferred  directly  from  the  experimental 
findings,  as  we  have  pointed  out  above,  discussing  and  interpreting  our  results.  These 
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Fig.  6.  Centre-of-mass  differential  cross-sections,  obtained  from  forward  convolution  and  best  fit 
to  the  experimental  cross-sections;  (A)  angular  distribution,  (B)  distribution  of  internal  energy. 
Collision  energies  (a)  286,  ( b )  555  and  (c)  857  meV. 


can  be  substantiated  by  comparison  with  the  calculations  of  Sevin  et  a/.16 ,  which  were 
performed  independently  of  our  experiments  for  the  same  system.  Even  though  dynami¬ 
cal  calculations  on  this  surface  have  not  yet  been  performed,  we  can  already  point  to 
some  very  satisfying  features  of  agreement. 

First,  we  consider  our  non-reactive  results  and  the  ‘well  depths’,  associated  with  the 
observed  rainbow  scattering.  Recalling  the  precautions  that  we  attach  to  our  values, 
concerning  a  given  geometry  for  the  interaction,  we  compare  the  experimental  values 
with  those,  given  in  ref.  ( 16)  for  the  linear  configuration,  especially  with  Na  approaching 
from  the  F  side  to  the  HF  molecule  (table  1).  We  consider  this  agreement  to  be  a 
satisfying  confirmation  of  the  calculation,  especially  since  the  deviations  are  in  the 
expected  direction,  namely  that  the  apparent  well  depth  in  our  experiment  is  smaller 
than  that  in  the  linear  configuration.  (Another  available  calculation15,  which  was 
performed  for  the  ground  state,  yields  a  value  of  only  es2=  HOrneV.)  Unfortunately, 
well  depths  for  the  approach  from  the  H-side  have  not  been  reported  and  therefore  a 
comparison  cannot  be  given. 

Concerning  the  reactive  channel,  the  comparison  with  the  calculation  remains  more 
qualitative.  First,  we  notice  an  integral  reactive  cross  section,  which  is  small  (ca.  1  A2), 
i.e.  much  smaller  than  the  non-reactive  (gas  kinetic)  cross-section.  This  observation, 
which  is  reasonable  for  a  transition  due  to  a  conical  intersection,  confirms  this  qualitative 
aspect.  Nevertheless,  a  dynamic  calculation  is  required  to  test  this  comparison  quantita¬ 
tively.  Then  we  find,  confirming  the  calculation,  that  no  other  exit  channels  other  than 
the  electronic  ground  state  of  NaF  are  observed.  Similarly  a  high  internal  excitation  of 
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the  NaF  product,  deduced  from  the  calculation,15  is  also  found  in  the  experiment.  This 
finding  agrees  well  with  an  early  downhill27  surface,  but  this  assumption  leads  to 
difficulties  with  the  observed  angular  distributions.  Obviously  it  is  difficult  to  assess  the 
validity  of  this  simplification  for  the  actual  complicated  transition  region  and  a  confirma¬ 
tion  or  rejection  of  quantitative  results  cannot  be  given  at  this  stage. 

To  summarize  this  discussion,  we  hope  to  have  shown  that  some  of  our  experimental 
findings  agree  quite  well  with  the  calculated  surface  of  Sevin  et  al.,b  Other  findings  are 
predicted  here  which  have  not  been  reported  in  the  calculation,  but  they  should  be 
available  in  principle.  A  third  class  of  our  results  cannot  be  compared  with  the  very 
simple  means  applied  so  far  in  our  evaluation.  They  will  be  tested  with  appropriate 
dynamical  calculations  in  the  near  future. 
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The  representation  of  weak  interactions  of  open-shell  atoms  as  effective 
anisotropic  potentials  is  discussed.  Examples,  mainly  from  recent  molecular- 
beam  studies  of  collisions  of  magnetically  orientated  atoms  in  P  states,  prove 
that  the  spherically  averaged  component  of  the  interactions  follows  sys- 
tematics  established  for  closed-shell  van  der  Waals  forces.  Data  are  being 
collected  to  unravel  similar  systematic  trends  for  the  anisotropic  component 
of  the  interactions. 


I.  Introduction 

As  a  preliminary  to  a  full  understanding  of  the  role  that  spin-orbit  and  orientation 
effects  due  to  open-shell  electronic  clouds  play  in  a  variety  of  kinetic  phenomena,  it  is 
interesting  to  focus  attention  on  how  these  effects  are  manifest  in  interatomic  forces. 
Open-shell  atoms  exert  even  with  closed-shell  systems  anisotropic  interactions  which 
can  be  probed  by  spectroscopic  or  scattering  techniques.  Also,  when  a  molecule  is 
photodissociated  the  polarization  and  orientation  of  the  fragments  is  determined  by  the 
anisotropy  of  the  forces.  Since  we  restrict  our  attention  to  weak  forces  of  the  van  der 
Waals  type,  it  is  especially  from  scattering  experiments  that  the  most  valuable  information 
on  these  interactions  has  been  recently  obtained,  in  particular  through  the  possibility 
of  controlling  by  magnetic  fields  the  sub-levels  of  open-shell  atoms. 

In  this  paper,  after  briefly  reviewing  in  section  2  the  experimental  background,  we 
discuss  in  section  3  the  representation  of  the  van  der  Waals  interactions  of  open-shell 
atoms  as  an  expansion  in  spherical  harmonics.  In  section  4  the  spherical  averages  of 
the  interactions  for  several  systems  recently  investigated  are  examined  and  shown  to 
follow  the  systematics  already  established  for  interactions  between  closed-shell  systems. 
In  section  3  trends  that  are  emerging  for  the  anisotropic  part  of  the  interactions  are 
discussed.  Discussion  and  conclusions  follow  in  section  6.  Since  some  examples 
considered  in  this  paper  involve  ion-atom  interactions,  in  the  Appendix  the  previously 
established  systematic  trends  for  size  and  strength  of  atom-atom  forces  are  shown  to 
be  extendable  to  systems  involving  ions. 

2.  Experimental  Background 

The  study  of  weak  interactions  involving  open-shell  atoms  is  of  great  importance  to 
assess  the  role  of  anisotropy  in  determining  the  strength,  range  and  shape  of  the 
intermolecular  forces  involved.1'3  Specifically  such  studies  provide  insight  on  the 
influence  of  spin-orbit  and  electronic  angular  momenta  on  the  long-range  part  of 
potential-energy  surfaces.  These  surfaces  are  of  interest  not  only  for  all  kinetic  processes 
where  intramultiplet  mixing  and  polarization  phenomena  are  explicitly  observed,  but 
also  for  understanding  orientation  and  alignment  effects  in  reactive  collisions  when 
dominated  by  anisotropy  at  long  range.  Also,  they  can  be  profitably  used  in  dealing 
with  several  microscopic  and  macroscopic  phenomena  up  to  the  chemically  important 
processes  of  flames,  plasmas,  laser  systems  and  atmospheric  chemistry. 

l 


2  Orientational  and  Spin- orbital  Dependence 

Collision  dynamics  studied  by  molecular-beam  techniques  coupled  with  magnetic 
analysis  of  atomic  sub-levels  have  proved  to  be  among  the  most  powerful  tools  to  obtain 
quantitative  information  on  open-shell  weak  intermolecular  forces.1'4  Significant  results 
from  beam  experiments  involving  scattering  of  fluorine,  oxygen  and  nitrogen  atoms  by 
several  atoms  and  molecules  have  been  obtained  in  this  laboratory  and  reported  exten¬ 
sively  elsewhere.1'5 

Similar  information  has  also  been  obtained  by  laser-selection  of  excited  atom  sub- 
levels  in  full-collision6  and  half-collision  experiments:7  the  laser-polarized  light  can  be 
used  to  prepare  the  excited  atom  in  well  defined  sub-states8  or  to  quench  selectively  the 
sub-levels  of  an  excited  metastable  state.9 

Finally,  the  spectroscopy  of  simple  diatomic  rare-gas  ions  can  provide  interesting 
information  about  the  energy  and  symmetry  of  molecular  states  which  are  a  manifestation 
of  the  anisotropy  of  the  interaction.10 


3.  Representation  of  Interatomic  Forces 

in  the  following  the  collision  theory  needed  to  obtain  information  on  the  interaction  is 
presented  and  discussed,  and  the  connection  is  outlined  between  the  asymptotic  energy 
levels  of  the  separated  atoms  and  the  adiabatic  molecular  states. 

3.1.  Collision  Theory 

The  general  theory  needed  to  interpret  the  experiments  mentioned  above  and  to  obtain 
information  on  the  interactions  involved  has  been  given11  and  reviewed  elsewhere. 1-30 

In  fig.  1  an  intuitive  picture  is  given  of  the  fact  that  the  potential  for  the  interaction 
between  a  closed-shell  atom  with  a  P-state  atom  or  a  diatomic  molecule  can  be  represen¬ 
ted  in  both  cases  by  formally  using  the  same  potential  expansion,  in  Legendre  poly¬ 
nomials  in  these  cases. 

Close-coupling  equations  for  treating  collisions  of  a  'S0  atom  with  another  atom 
having  non-zero  internal  angular  momentum  L  and  spin  S  have  been  given  by  Reid 
and  Dalgamo,12"  who  considered  explicitly  a  2P  alkali-metal  atom  and  expanded  the 
electrostatic  interaction  of  the  outer  electron  in  Legendre  polynomials,  leading  in  this 
case  to  a  spherical  part,  V0,  and  to  an  anisotropy,  V2.  Later,  Mies126  considered  an 
equivalent  approach  where,  however,  the  electrostatic  interaction  was  represented  by 
the  more  familiar  potentials  Vz  and  Vn,  where  £  and  II  are  A  =  0  and  1,  respectively, 
and  A  is  the  projection  of  L  on  the  interatomic  axis.  The  relationships  between  the  two 
representations  of  the  electrostatic  interactions  are  in  this  case  simply 

Vo  =  5(V*  +  2Vm)  and  V2-f(Vs-V„). 


Fig.  1.  Showing  that  the  electrostatic  interaction  of  a  closed-shell  atom  with  a  diatomic  molecule 
and  a  P-state  atom  can  both  be  represented  by  a  Legendre  expansion,  assuming  the  molecule 
as  a  rigid  rotor  and  describing  the  atom  by  the  symmetry  of  its  electronic  cloud.  Note  that 
in  the  latter  case  only  two  terms  in  the  expansion  need  be  included,  (a)  V(R,  0)«  V0(R)  + 
Vj(R)Pj(cos  9),  ( b )  V(R,  9)  -  V0(R)  +  2  V(R)P*(cos  9). 
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Both  approaches  can  be  generalized  to  any  L,Ua  and  the  relationship  between  expansions 
has  been  established  to  be 

VA  =  S*  ao,  A 0| L0)( LA,  A 0| LA)  VA 

or  inversely 

VA  =  2a[(2A  +  1)(LA,  A0iLA>/(2L+l)(L0,  A0.IL0>]Va 

where  A  =  0  and  2  only  for  L  =  1  (P  atoms),  or  0,  2,  4  for  L  =  2  (D  atoms)  and  so  on. 
Further  generalizations  along  these  lines  are  possible,  both  representations  being  useful: 
while  the  one  in  A  is  directly  related  to  the  spectroscopic  conventions,  the  other  exploits 
the  fact  that  we  are  actually  dealing  with  non-spherical  interactions,  and  is  more  in  the 
line  of  collision  theory.  A  phenomenology  of  these  representations  is  presented  in  fig.  2. 

To  describe  both  the  rovibrational  states  of  a  diatom  or  a  collision  at  an  energy  E 
sufficiently  low  to  involve  only  one  electronic  state  (typically  the  lowest),  only  the 
fine-structure  components  of  the  open-shell  atom  need  be  included  in  a  close-coupling 
expansion:  the  multichannel  Schrodinger  equation  at  total  angular  momentum  J  can 
be  written  in  matrix  notation 

where  ft  is  the  reduced  mass  and  the  potential-energy  matrix  UJ,  which  is  not  diagonal 
(non-adiabatic  representation),  is  the  sum  of  three  contributions  depending  on  the 
intermolecular  distance  R: 

UJ(R)=Vso(R)+V',(R)+  Vnt(R).  (2) 

The  fine-structure  components  are  split  asymptotically  by  the  spin-orbit  interaction 
of  the  open-shell  atom,  Vso;  the  electrostatic  interaction  between  atoms,  Vel,  which  is 
relatively  short-ranged,  and  the  centrifugal  term,  Vrot,  both  describe  the  collision  effects. 
The  dependence  of  these  terms  on  the  interatomic  distance  is  markedly  different:  V,a 
varies  slowly  at  long  range,  Vel  dies  out  exponentially  and  Vrol  decays  as  R~2. 

Eqn  (1)  provides  a  unified  description  of  bound  and  scattering  states.  When  atoms 
have  spin  S,  which  will  be  assumed  to  be  conserved  and  coupled  to  L  to  give  the  atomic 
angular  momentum  j,  following  an  approach  originally  suggested  within  a  semiclassical 
context,1"  five  alternative  representations  have  been  developed  for  eqn  (1),  correspond¬ 
ing  to  the  familiar  Hund’s  cases  for  the  spectroscopy  of  rotating  diatomic  molecules. 
This  approach  provides  the  different  coupling  schemes  for  the  angular  momenta  involved 
in  open-shell  atom  collisions  according  to  the  relative  importance  of  the  three  terms 
appearing  in  eqn  (2). 111 

Specifically,  when  Kel  is  lower  than  both  Vro,  and  V,0,  Hund’s  case  (e)  is  operative 
and  the  good  quantum  numbers  are  the  atomic  angular  momentum  j  and  the  nuclear 
orbital  angular  momentum  /;  if  Vro,  is  much  smaller  than  the  other  two  terms,  Hund’s 
cases  (c)  and  (a)  are  possible.  For  case  (c),  where  V,,  <  V,„,  the  good  quantum  numbers 
are  j  and  its  projection  n  along  the  intemuclear  axis;  for  the  case  (a),  where  Ve,>  V,0, 
the  good  quantum  numbers  are  the  projection  A  of  the  electronic  angular  momentum 
L  on  the  intemuclear  axis  and  fl.  Finally,  when  Vxo  is  lower  than  both  Ve,  and  VroI) 
Hund’s  case  (b)  is  present  if  Vml  <  V„,  where  the  good  quantum  numbers  are  K,  the 
total  angular  momentum  without  the  spin,  and  A,  whereas  when  Vto(  >  Vel,  Hund’s  case 
( d )  operates  with  I  and  K  as  good  quantum  numbers. 

Typical  collision  events  start  from  case  (e),  which  corresponds  to  the  separated 
atoms,  and  evolve  towards  the  molecular  cases  (a)  or  (b)  through  case  (c),  if  the 
spin-orbit  term  is  large,  and  through  case  (d)  in  the  opposite  situation.  A  similar  picture, 
with  proper  sequences  of  coupling  cases,  applies  to  the  description  of  vibrations  of 
rotating  molecules. 
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Orientational  and  Spin-orbital  Dependence 


Fig.  2.  For  typical  electronic  cloud  distribution*  of  open-shell  atoms  illustrated  in  the  first  column, 
the  qualitative  behaviour  of  Vx  and  Vn  interactions  with  closed-shell  systems  can  be  anticipated 
(second  column).  The  corresponding  Vt  (spherical  or  isotropic  interaction)  and  V2  (anisotropy) 
are  shown  in  the  third  column.  The  final  column  shows  qualitatively  the  effective  adiabatic 
interactions,  where  account  is  taken  of  the  atomic  spin-orbit  splitting. 
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For  most  of  the  open-shell  atoms  considered  here  the  spin-orbit  term  is  relatively 
large,  except  for  excited  lighter  alkali-metal  atoms,  and  only  Hund’s  cases  (c)  and  (a) 
need  be  considered  in  describing  the  collision  dynamics  at  thermal  energy."613  Also, 
significant  information  on  the  interactions  is  obtained  only  for  those  ranges  which  are 
probed  by  the  collision:  in  a  classical  picture,  they  occur  at  relatively  small  impact 
parameters:  for  these  conditions  the  Vra,  term  is  negligible  compared  to  both  Ve,  and  Vso. 

We  can  clarify  this  aspect  with  an  example.  Let  us  consider  the  collision  between 
halogen  atom  (2Py)  with  a  closed-shell  particle:  when  the  collision  occurs  at  large  impact 
parameter,  the  centrifugal  term  is  dominant  and  the  two  collision  partners  retain  their 
individuality  [Hund’s  case  (e)  or  separated-atom  case].  When  we  consider  impact 
parameters  and  distances  shorter,  the  Vrot  term  decreases,  while  Ve,  increases  and  Vso 
is  still  larger  than  Vct.  In  this  case  the  electrostatic  interaction  succeeds  in  orientating 
j  with  respect  the  intemuclear  axis  but  maintaining  the  spin-orbit  coupled  [Hund's  case 
(c)  or  diatomic  case].  Considering  impact  parameters  and  distances  even  shorter  the 
Ve,  term  becomes  dominant.  In  this  case  the  electrostatic  interaction  is  so  strong  as  to 
decouple  the  spin-orbit  and  orientate  the  electronic  angular  momentum  L  along  the 
intemuclear  axis  [Hund's  case  (a)  or  molecular  case]. 

Therefore  a  scattering  event  (or  a  vibration)  can  be  considered  to  take  place  along 
adiabatic  effective  potential  energy  curves  ^un>  and  eqn  (1)  can  be  written  in  the 
adiabatic  representation  as 

[-0£+H’+v(*)+*F']#‘ef  (3) 

where  the  centrifugal  term  is  approximated  by  a  diagonal  centrifugal  barrier  correspond¬ 
ing  to  an  effective  orbital  angular  momentum  L 

The  diagonal  matrix  V(R),  obtained  by  diagonalizing  Ftl  and  V,Q  defines  effective 
adiabatic  potential-energy  curves  V\)n)  and  the  matrix  P(R)  the  non-adiabatic  coupling 
term  between  them.  Explicit  formulae  for  the  P(R)  matrix  elements  are  reported 
elsewhere:26-3  they  allow  modifications  of  the  adiabatic  curves  due  to  non-adiabatic 
effects  to  be  taken  into  account.  In  most  of  the  cases  considered  these  effects  are  small.26-3 


3.2.  Adiabatic  Molecular  States  aad  Correlation  Diagrams 


For  Hund's  cases  (a)  and  (c),  which  are  those  to  be  considered  in  most  cases,  explicit 
expressions  of  the  effective  adiabatic  potential-energy  curves  Vun)  are  given  in  the 
following.  They  correlate  with  the  different  states  of  the  open-shell  atom,  defined  by 
the  atomic  total  angular  momentum  j  and  by  its  projection,  my,  along  the  intemuclear 
axis.  These  curves  are  labelled  by  j  and  fl;  at  large  intemuclear  separations  ft  tends 
to  the  atomic  sub-level  projection  |  my|.  For  the  interaction  of  a  2P,  atom  with  a  closed-shell 
particle  the  V|jn>  interactions  are: 


V|J/2VI)  =  Vo-JVj  +  A  ] 

V|J/2  1/2)  38  Vo  +  i^  +  iATK&Vl  +  ^  +  iAVj)''2 
V'n/2i/2)  =  V0+ A  V2  +  [A  ±  ](n  y]  +  A2  +  ^A  V3)'n) 

and  for  a  3Py  atom  with  a  closed-shell  particle  they  are: 

v„2>«  n-JVj+Aj 

^12  l>  5=1  Vo+i\SVJ  +  i(Al  +  A:)±i(^V2  +  (A2-A1)2),/2 
V,20)- Vo+^Vi+iAjii^Vi  +  Al  +  ^V,)"2 
V|, ,)  *  V0  +  A  V2  +  HA2  +  A,)  *  ](&  V\  +  (A,  -  A,)2)1'2 
V„0>*«  V0-iV2+A, 

v„„-  Vo+AVj  +  iA^K&Vi+Ai+iAjVj)''2. 


(4) 


(5) 


6  Orientational  and  Spin-orbital  Dependence 

The  different  sign  combination  before  the  square  roots  in  eqn  (4)  and  (S)  is  due  to 
the  different  sequence  of  fine-structure  levels  which  are  possible  for  open-shell  atoms. 
The  sign  combination  has  to  be  selected  to  give  asymptotically  the  right  correlation  with 
the  related  j  energy  values  in  the  proper  sequence.  The  A,  terms  are  the  evaluated 
spin-orbit  constants,  with  the  appropriate  sign,  in  all  cases  taking  the  atomic  state  with 
the  lowest  value  of  j  as  the  zero  energy  level  (see  fig.  2).  For  example,  when  one 
considers  the  interaction  between  an  alkali-metal  atom  at  the  first  excited  level,  2Pt/2,3/2, 
the  spin-orbit  constant  A  is  positive  and  the  sign  before  the  square  root  in  Vj3/2  \/2>  is 
positive,  while  that  in  Vll/2 1/2>  is  negative.  For  the  ground-state  halogen  atoms,  2P3/2.i/2, 
A  is  negative,  the  j  level  being  the  lowest  level  here;  the  sign  before  the  square  root  in 
V|3/2i/2>  *s  negative  and  that  in  V|,/2i/2>  positive.  In  the  case  of  Hg*(3P0,i,2)M  A,  and 
A2  are  both  positive  and,  respectively,  given  by  the  differences  between  j  =  l  and  j  =  0 
levels  and  j  =  2  and  j  =  0  levels.  Here  the  square  roots  in  V,2o>  and  V!2  ,>  are  taken  to 
be  positive  and  those  in  V(,  ()  and  V|00)  negative.  In  the  case  of  a  3P-state  atom  where 
the  j  levels  are  inverted,  as  in  ground-state  oxygen  atoms,  3P2,i.o.  A,  and  A2  are  negative 
and  the  sign  of  the  square  roots  are  also  inverted  with  respect  to  the  previous  case. 
General  features  of  the  effective  potential-energy  curves  are  shown  in  fig.  2. 

Obviously  Hund’s  cases  (a),  (c)  and  (e)  are  contained  in  limiting  cases  of  the  above 
adiabatic  formulae.  In  fact  when  V2  is  negligible  relatively  to  V0  and  A,  [Hund’s  case 
(e)],  the  various  interactions  have  the  form  of  the  V0  term  and  they  are  separated  only 
by  the  spin-orbit  constant  This  situation  occurs  at  large  intermolecular  distances.  On 
the  other  hand,  if  |  V2|  <  |A,|,  but  not  negligible,  Hund’s  case  (c)  is  operative.  Finally, 
when  |  V2j  >  |A,|,  Hund’s  case  (a)  is  obtained,  and  the  various  adiabatic  interactions  are 
described  by  Vx  and  V„  potential-energy  curves.  The  last  two  situations  occur  at 
intermediate  and  short  distances,  respectively. 

The  known  cases  of  V0  potentials  will  be  shown  to  have  the  features  of  a  typical 
van  der  Waals  interaction  correlating  with  properties  of  separated  atoms  (see  next 
section).  The  anisotropy  of  interaction,  V2,  most  generally  changes  sign  as  a  function 
of  R  because  it  is  the  sum  of  two  contributions:  the  anisotropy  of  the  long-range  potential 
determined  by  the  polarizability  anisotropy  of  the  open-shell  atom,  and  the  short-range 
repulsive  anisotropy  interaction  which  decays  exponentially  with  distance.1 5  These  two 
interactions  have  different  signs  and  give  V2  (or  -  V2)  the  shape  of  a  typical  potential 
with  an  extremum. 

For  those  atomic  ions  having  2P  or  3P  electronic  configurations,  the  same  previous 
equations  (4)  and  (5)  correctly  describe  their  interactions  with  closed-shell  particles. 14 
For  these  systems  the  V0  term  is  essentially  due  to  the  ion-induced  dipole  interaction 
(see  Appendix)  and  the  V2  terms  exhibit  features  similar  to  those  for  the  neutral  case. 

An  intermediate  situation  arises  for  the  interaction  of  metastable  rare-gas  atoms  with 
closed-shell  atoms.17  For  instance  the  Xe*  (3P2,o)  metastable  atom  interacts  at  long 
distance  as  a  Cs  atom  in  the  ground  state  because  it  has  an  excited  electron  in  the  6s 
orbital.18  At  shorter  distances  the  effect  of  the  (5p3)  ionic  core  becomes  important19 
both  for  the  effective  V0  and  the  anisotropic  V2  term.  Similarly,  for  the  interaction 
between  the  metastable  Ne*(3P2,o)  atom  and  a  ground-state  rare-gas  atom  (Ar,  say)17 
the  anisotropy  is  due  mainly  to  the  ionic  core  of  Ne*,  which  is  shielded  at  long  distance 
by  the  3s  electron,  and  the  interaction  is  similar  to  that  between  Na  and  Ar.  However, 
at  short  distances  the  ionic  core  strongly  affects  both  the  V0  and  V2  component  of  the 
interaction,  which  then  becomes  similar  to  that  between  Ne+  and  Ar. 

4.  Size  a mi  Strength  of  the  Spherical  Component  of  Interactions 

A  comparison  among  van  der  Waals  forces  for  a  great  number  of  systems  is  presently 
possible  and  allows  us  to  obtain  a  physical  picture  of  the  effect  of  properties  of  separate 
atoms  on  these  interactions.  This  is  plausible  since  van  der  Waals  interactions  occur  at 
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Table  1.  Comparison  between  estimated  and  experimental  potential  parameters  of  the 
isotropic  component  V0  of  the  interaction  in  open  shell-closed  shell  systems 


system 

estimated” 

experimental 

e/meV 

RJ  A 

e/meV 

Rm/A 

ref. 

0(3P)-He 

2.4 

3.19 

2.1 

3.27 

3a 

0(3P)-Ne 

4.7 

3.28 

4.3 

3.30 

3a 

0(3P)-Ar 

8.0 

3.63 

7.8 

3.60 

3  a 

0(3P)-Kr 

8.7 

3.78 

9.3 

3.75 

3  a 

0(3P)-Xe 

9.8 

3.97 

11.8 

3.90 

3  a 

0(3P)-H2fc 

4.3 

3.43 

4.7 

3.49 

3  6 

0(JP)-CH/ 

8.7 

3.79 

9.3 

3.75 

36 

F(2P)-Ar 

6.9 

3.57 

6.8 

3.50 

26 

F(2P)-Kr 

7.2 

3.73 

t.2 

3.65 

lb 

F(2P)-Xe 

7.8 

3.94 

8.1 

3.78 

26 

Hg*(3P)-Ar 

14.7 

4.23 

13.6 

4.33 

7 

“  From  correlation  formulae  given  in  section  4.  The  values  of  atomic  polarizabilities 
are:  for  rare  gases  from  ref.  (21),  (22);  for  oxygen  and  fluorine  from  ref.  (21a);  for 
excited  mercury  from  ref.  (23).  The  values  of  molecular  polarizabilities  are  from  ref. 
(24)  for  H2  and  from  ref.  (25)  for  CH4.  b  Averaged  over  molecular  orientations. 


distances  such  that  the  particles  still  retain  their  individual  properties.  Interestingly  it 
has  recently  been  shown20  that  both  the  atomic  and  molecular  ‘size’  and  the  long-range 
attraction  can  be  related  to  a  single  parameter  such  as  the  polarizability.  Therefore 
correlation  formulae  have  been  proposed  between  the  parameters  of  the  potential  and 
the  polarizabilities  of  the  interacting  particles.  These  correlations  allow  reasonable 
estimates  of  the  well  depth,  e,  and  its  location  Rm  for  any  pair  considered. 

Specifically,  the  size  of  the  interaction  between  A  and  B,  as  measured  by  Rm,  can 
be  given  by20 


*«,=■  1.767 


(«A«B)r 


where  y  =  0.095.  When  polarizabilities  «A  and  «B  are  in  A3,  Rm  is  in  A.  This  formula 
has  been  obtained  through  a  statistical  analysis  over  a  large  number  of  van  der  Waals 
systems.20  The  well  depth,  e,  as  a  measure  of  the  strength  of  the  interaction,  is  then 
estimated  assuming  attraction  as  given  by  a  -C6/?~6  potential,  obtaining  C6  again  from 
t»A  and  aB  according  to  the  Slater- Kirkwood  formula,  and  by  using  the  proportionality 
between  eR and  C6.20 

In  table  1  a  comparison  between  the  above  parameters  estimated  from  these  correla¬ 
tions  and  those  from  the  experimental  V0  interactions  are  shown  for  some  open-shell 
systems.  The  satisfactory  comparison  confirms  that  the  spherical  interactions  V0  are 
amenable  to  being  interpreted  as  typical  van  der  Waals  interactions. 


S.  Trends  in  the  Anisotropic  Component  of  Interatomic  Forces 

The  halogen  (2P)  and  oxygen  (3P)  atoms  present  low  polarizability  anisotropy21  and  are 
characterized  by  the  highest  electron  affinity  in  the  Periodic  Table.  For  their  interactions 
the  anisotropy  V2  potentials  can  be  essentially  attributed  to  the  ionic  contribution  from 
the  excited  ionic  states.11  This  contribution,  which  is  dominant  at  short  range,  increases 
as  the  interacting  ionic  and  neutral  states  come  closer.  For  example,  for  the  O-rare-gas 
interactions  the  repulsive  wall  of  the  V2  term  shifts  towards  larger  distance  from  He  to 
Xe,  causing  an  increase  in  the  difference  between  the  Vx  and  Vn  potentials;3”  note  that 
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the  ionization  potentials  of  rare-gas  atoms  decrease  in  the  same  direction.  Similar  results 
have  been  obtained  for  the  F-rare-gas  systems.2'’’26 

When  a  comparison  is  made  between  the  fluorine26  and  the  oxygen3"  systems,  it  can 
be  observed  that  anisotropies  decay  faster  in  the  first  case  because  of  the  smaller  size 
of  fluorine  but  are  stronger  at  shorter  range  because  of  higher  contributions  from  the 
excited  ionic  states. 

For  the  interaction  of  a  rare-gas  ion,  A+,  with  a  rare-gas  atom,  B,  the  anisotropy 
contribution  may  be  considered  to  be  brought  about  by  charge  exchange  to  give  A+  B+ 
or,  in  other  words,  by  the  strong  interaction  between  electronic  states  of  the  same  species 
corresponding  to  A+  +  B  and  A+B+  of  the  separated  system.10619"  Charge-exchange 
effects  are  akin  to  the  previously  considered  ionic  contributions  in  rare-gas  halides  and 
rare-gas  oxides.  For  example  for  the  XeF  molecule  the  ionic  contribution  originates 
from  the  interaction  between  Xe  +  F  and  Xe+  +  F".  Naturally,  charge  exchange  effects 
increase  as  the  difference  between  the  ionization  energy  of  A  and  that  of  B  decreases. 

To  understand  the  effect  of  the  anisotropy  term  V2  on  the  adiabatic  V]jn)  curves,  it 
is  necessary  to  consider  the  sign  of  V2  and  to  compare  this  term  to  V0  and  A,.  For 
instance  in  the  case  of  XeF26  the  highest  and  lowest  well  depths  of  the  adiabatic  curves 
V|jn)  correlating  with  the  F(2P)-Xe('S)  are  145.4  and  6.8  meV,  respectively,  and  their 
locations  are  2.31  and  3.93  A,  respectively.  In  the  case  of  XeO,3"  these  well  depths  are 
17.3  and  9.2  meV,  respectively,  and  the  minimum  distances  are  3.69  and  4.00  A,  respec¬ 
tively.  Moreover,  the  ground  state  in  XeF  has  £  symmetry,  while  in  XeO  it  has  II 
symmetry.  These  differences  are  essentially  due  to  the  different  behaviour  of  the  V2 
interactions  but  also  to  the  slightly  different  positions  of  the  repulsive  walls  of  the  Vn 
interactions  (see  table  1). 

At  a  distance  where  A,  is  of  the  order  of  V*  the  transition  between  Hund’s  case  (c) 
and  (a)  occurs.  Typical  values  are  3.25  A  for  XeF26  and  3.60  and  3.75  A  for  XeO.3" 
Since  the  ground  state  of  XeF  is  completely  confined  in  Hund's  case  (a)  at  distances 
around  the  energy  minimum,  this  state  has  a  more  prominent  molecular  character  than 
the  lowest  states  of  the  XeO  molecule. 

At  distances  where  the  transition  between  Hund's  cases  (a)  and  (c)  occurs  the 
elements  of  the  P  matrix  [see  eqn  (3)]  present  maximum  values.  The  explicit  computa¬ 
tions  of  the  non-adiabatic  coupling  terms  are  reported  elsewhere.26-3  These  terms  depend 
on  the  ratios  between  V2  and  its  derivative,  with  respect  to  the  intermolecular  distance, 
and  the  spin-orbit  splitting  constant.  They  are  especially  useful  in  estimating  non- 
adiabatic  effects  and  are  needed  to  compute  intramultipiet  mixing  and  orientation  and 
alignment  cross-sections. 


6.  Discussion  and  Conclusions 

The  present  exploratory  analysis  of  open-shell  interatomic  interactions  that  are  being 
provided  by  molecular  beams  and  other  techniques  shows  the  advantages  of  representing 
such  interactions  by  a  Legendre  expansion.  The  atomic  spin  orbit  is  then  added 
phenomenologically  and  effective  adiabatic  curves  for  the  description  of  scattering  and 
bound  states  are  obtained. 

For  the  cases  analysed  here  the  spherical  component  of  the  interaction,  V0,  correlates 
with  what  is  presently  known  about  the  size  and  strength  of  van  der  Waals  forces.  More 
is  being  learnt  about  the  shape  of  these  forces  around  minima,  but  simple  correlation 
formulae  are  still  to  be  found  and  tested  (see,  however,  where  interactions  of  atoms 
with  surfaces  are  also  considered27). 

Although  van  der  Waals  forces,  and  therefore  also  our  V0(R)  potentials,  are  still 
elusive  to  quantum  chemistry,  some  examples  are  available  [HeO,  ref.  (28),  and  HeAr+ 
and  NeAr+,  ref.  (16)]  that  anisotropic  components  V2(R),  for  which  characteristics  and 
trends  are  much  less  known,  may  nevertheless  be  anticipated  by  theoretical  approaches. 
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Appendix 


Correlation  between  Size  and  Strength  of  Interactions  and  Atomic  Polarizabilities: 
Extension  to  Ion-Atom  Systems 


When  the  interaction  between  an  ion  A+  with  a  closed-shell  particle  B  is  considered,  it 
is  interesting  to  maintain  the  same  physical  picture  as  in  section  4  by  modifying  the 
previous  correlation  formulae  considering  that  the  size  and  strength  of  intermolecular 
forces  are  still  due  to  a  combined  effect  between  a  repulsive  and  an  attractive  contribution. 
However,  in  this  case,  while  the  repulsion  is  still  related  to  the  ‘size'  of  the  ion  and  of 
the  neutral  atom,  the  attraction  depends  asymptotically  on  the  ion-induced  dipole 
interaction,  -e2aB/2R*.  The  following  correlation  formulae  are  proposed: 


Rm=  1-647 


A 


where  y'  =  0.143  for  all  systems,  and 


e  =  6.36  x  10*  y-  meV. 

The  y'  coefficient  is  equal  to  3/2  •  y,  where  y  is  the  exponent  for  neutral-neutral 
interaction20  and  the  factor  3/2  takes  into  account  the  ratio  between  exponents  for  the 
different  R  dependence  of  the  long-range  attraction  (R~6  and  R~*).  The  coefficients  in 
the  above  formulae  are  obtained  using  as  reference  the  potential  for  system  K+-Kr,  for 
which  various  experimental  and  theoretical  determinations  agree  satisfactorily.29 

As  in  section  4  for  neutral-neutral  interactions,  the  above  correlation  formulae  can 
be  used  to  estimate  potential  parameters  for  ion-neutral  interactions.  In  table  2  a 
comparison  between  these  estimated  values  and  the  experimental  determinations  are 
reported  for  some  ion-rare-gas  systems.  Only  a  few  typical  systems  are  listed.  For  cases 
involving  rare-gas  open-shell  ions,  again  the  isotropic  V0  potential  parameters  are 
compared  with  the  estimated  values.  The  comparison  is  satisfactory  considering  the 
overall  uncertainties  involved,  and  it  suggests  that  also  in  the  open-shell  ion  case  the 
anisotropy  generates  a  manifold  of  potential-energy  curves  bracketing  the  spherical 
component  V0  which,  here  too,  retains  the  meaning  of  a  typical  ion-neutral  interaction 
of  van  der  Waals  type. 


Table  2.  Comparison  between  estimated  and  experimental  parameters  for  some  ion- 

rare-gas  interactions" 


system 

estimated11 

experimental 

e/meV 

*n,M 

e/meV 

Rm/A 

ref. 

Na+-Ar 

212 

2.65 

190 

2.69 

29 

Rb*-Xe 

3.51 

185 

3.54 

29 

K*-Ar 

104 

3.16 

127 

2.94 

29 

K*-Krc 

144 

3.24 

144 

3.24 

29 

He-Ar+ 

20 

2.83 

2.87 

10c,  16 

Ne-Ar+ 

39 

2.85 

47 

2.95 

16 

He-Ne+ 

45 

2.31 

47 

2.33 

106,30 

"  Ions  and  rare-gas  atoms  are  in  their  ground  states,  and  for  open-shell  rare-gas  ions 
the  V0  interactions  are  considered.  h  From  correlation  formulae  given  in  the  Appendix. 
The  polarizability  values  for  the  ions  are  obtained  from  ref.  (31)  and  those  for  rare 
gas  atoms  from  ref.  (21),  (22).  r  Reference  system. 
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Mj  Selectivity  in  Collisional  Energy  Transfer  between 
Alkali-metal  Atoms 
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Na  atoms  in  the  magnetic  field  have  been  selectively  excited  to  each  Zeeman 
sub-level  of  either  the  3p  2P1/2  or  3p  2P3/2  state  by  a  tunable  dye  laser  and 
the  Zeeman  spectra  of  the  fluorescence  from  the  collisionally  populated 
3p  2P  levels  have  been  measured.  From  the  intensities  of  the  Zeeman  lines, 
the  selectivity  in  the  collisional  transitions  between  the  Zeeman  sub-levels 
of  the  3p2P1/2  and  3p2P3/2  states  has  been  directly  specified.  The  time 
evolution  of  the  o-  polarized  fluorescence  intensity  of  the 
Na(3p  2P!/2  -» 3s  2S,/2 )  transition  has  been  measured  following  the 
Na(3p2P3/2*-’3s2S,/2)  excitation  by  a  <7- polarized  short  light  pulse  at 
H  -  129  G.  An  amplitude  modulation  was  found  in  the  fluorescence  from 
the  collisionally  energy  transferred  state  Na(3p  2P,/2)-  This  is  the  first 
observation  of  quantum  beats  in  collision-induced  fluorescence.  The 
frequency  of  the  modulation  coincides  very  well  with  that  of  the  quantum 
beats  of  the  resonance  fluorescence  Na(3p  2P3/2  -*  3s  2S)/2),  but  the  phases 
are  opposite.  These  results  are  explained  by  assuming  the  conservation  of 
the  coherence  during  the  collisional  energy  transfer. 


When  alkali-metal  vapour  is  irradiated  with  either  the  2P3/2-2S,/2  D2  line  or  the 
2Pl/2_2Si/2  D,  line,  the  fluorescence  of  both  D  lines  are  observed.  The  fluorescence, 
which  is  different  from  the  exciting  light,  is  caused  by  inelastic  collisions  between  the 
excited  alkali-metal  atoms  and  the  ground-state  atoms.  A  number  of  studies  on  collisions 
in  alkali-metal  vapours  and  alkali-metal  vapour-inert-gas  mixtures  have  been  reported. 1 ' 3 
With  the  advent  of  lasers  it  became  possible  to  determine  the  accurate  potential -energy 
curves  of  many  excited  states  of  alkali-metal  diatomic  molecules.4*8  Ab  initio  molecular- 
orbital  calculations  of  all  excited  states  of  Na2  and  NaK  molecules,  which  decompose, 
respectively,  into  Na(3p  2P)  +  Na(3s  2S)  and  Na(3p  3P)  +  K(4s  2S),  have  been 
reported.,'u  Hence,  reasonably  accurate  potential-energy  curves,  which  are  necessary 
for  studying  the  collisional  energy  transfer  between  alkali-metal  atoms,  are  now  available. 
We  shall  study  the  processes 

Na(3p  JP3/2)  + A  «  Na(3p2P1/2)  +  A  (1) 

where  A  is  an  alkali-metal  atom  in  the  ground  state.  The  energy  difference  between  the 
sodium  D2  line  at  16973.379cm'1  and  the  D,  line  at  16  956.183  cm'1  is  interconverted 
by  the  kinetic  energy  of  relative  motion.  This  collisional  energy  transfer  can  occur 
because  the  energy  difference,  17.196  cm'1,  is  small  compared  with  the  average  kinetic 
energy  3 k,  T/2.  TTie  cross-sections  of  energy  transfer  in  collisions  between  alkali-metal 
atoms  of  the  same  species  were  observed  to  be  larger  than  those  between  dissimilar 
alkali-metal  atoms.  13",#  Theoretical  studies  of  the  excitation  transfer  due  to  collisions 
between  alkali-metal  atoms  have  been  reported.1 7-18  The  discrepancy  between  the 
experimental  cross-section  and  the  theoretical  value  was  considerably  large,  and  further 
experiments  were  desirable. 

The  present  study  is  concerned  with  an  orientation-dependent  process: 

Na(3p  2P )  +  A  **  Na(3p  2P)2,m2 )  + A  (2) 
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where  j  and  m  are  the  quantum  numbers  of,  respectively,  the  total  internal  angular 
momentum  and  its  projection  along  the  space-fixed  z  axis.  By  applying  a  strong  magnetic 
field,  one  can  excite  a  selected  Zeeman  sublevel.  The  m  dependence  and  the  depolariz¬ 
ation  induced  in  collision  with  inert  gases  have  been  studied  extensively.  19'2i  In  the 
present  investigation,  the  Na  atoms  in  the  magnetic  field  were  excited  to  a  selected 
Zeeman  sub-level  of  either  the  3p  2P1/2  or  the  3p  state  by  a  tunable  dye  laser.  We 
measured  the  Zeeman  spectra  of  the  fluorescence  from  the  collisionally  populated  3p  2P 
levels.  From  the  intensities  of  the  Zeeman  lines,  we  could  directly  specify  the  selectivity 
in  collisional  transitions  between  Zeeman  sub-levels  of  the  3p2PI/2  and  the  3p2P3/2 
states.  Further,  we  found  Zeeman  quantum  beats  in  the  collision-induced  fluorescence 
Na(3p2P1/2-*3s2Si/2)  as  well  as  the  resonance  fluorescence  Na(3p2P3/2->3s2S1/2). 
These  two  patterns  are  very  similar,  which  indicates  that  the  coherence  is  conserved  in 
the  collisional  energy-transfer  process.  These  results  will  be  reported  and  discussed  in 
this  article. 


Experimental 

A  rectangular  cell  (10x10x30  mm)  made  of  Pyrex  with  a  side-arm  reservoir  was 
simultaneously  baked  at  800  K  and  evacuated  at  lower  than  1  x  10"6Torrt  for  several 
hours.  Sodium  metal  or  a  sodium-potassium  mixture  was  sealed  in  vacuo  at  a  residual 
pressure  lower  than  1  x  10~6  Torr.  The  cell  was  surrounded  by  an  oven  and  was  placed 
in  the  centre  of  an  electromagnet.  In  order  to  eliminate  the  effect  of  radiation  trapping, 
the  laser  beam  was  collimated  by  a  slit  (0.2  mm)  and  passed  close  to  the  cell  window. 
The  vapour  pressure  was  kept  as  low  as  possible  within  the  sensitivity  of  our  fluorescence 
detector.  The  temperature  of  the  cell  was  maintained  ca.  10  K  above  the  temperature 
of  the  reservoir  in  order  to  prevent  condensation  on  the  cell  window. 

The  experimental  set-up  to  measure  the  Zeeman  spectrum  is  as  follows:  the  elec¬ 
tromagnet  had  conical  pole  pieces  tapered  to  SO  mm  diameter.  A  maximum  field  of 
20  kG  could  be  obtained  at  a  separation  of  30  mm.  The  direction  of  the  external  magnetic 
field  coincides  with  the  laboratory-fixed  Z-axis.  A  plane-polarized  laser  beam  was 
propagated  along  the  X  axis  with  its  electric  vector  E  pointing  along  either  the  Z  axis 
or  Y  axis,  which  was  chosen  to  excite  selectively  either  the  it  or  a  component.  A 
fluorescence  detector  was  placed  along  the  Y  axis.  The  intensity,  of  the  light  polarized 
along  the  Z  axis  and  the  intensity  /„  of  the  light  polarized  along  the  X  axis  were 
observed  separately  through  the  polarization  analyser  followed  by  a  polarization  scram¬ 
bler.  A  single  component  of  the  Zeeman  levels  was  selectively  excited  by  a  single-mode 
dye  laser  (Coherent  699-29,  linewidth  500  kHz)  with  an  output  power  of  300  mW.  The 
atomic  fluorescence  spectra  were  measured  by  a  monochromator  (Spex  Model  1269) 
and  a  photon-counting  detector  with  a  cooled  photomultiplier  (RCA  C31034).  In  order 
to  observe  well  resolved  Zeeman  lines,  the  entrance  and  exit  slits  of  the  monochromator 
were  fixed  to  2  #tm  (spectral  slit  width  of  0.2  cm-1)  and  the  magnetic  field  of  14.8  kG 
was  applied. 

The  quantum  beats  were  measured  by  the  following  set-up.  The  direction  of  magnetic 
field  of  a  Helmholtz  coil  coincides  with  the  Z  axis.  A  plane-polarized  laser  beam  was 
propagated  along  the  Z  axis  with  its  electric  vector  E  pointing  along  the  X  axis.  The 
time-resolved  fluorescence  intensity  polarized  along  the  X  axis  was  observed  in  the  Y 
direction  through  the  polarization  analyser  followed  by  a  polarization  scrambler.  The 
laser  used  as  an  excitation  source  was  a  synchronously  pumped  cavity-dumped  dye 
laser  (Spectra  Physics  375  and  344S)  which  was  excited  by  a  mode-locked  YAG  laser 
(Coherent  An  tares  76-s).  The  pulse  duration  was  10  ps  (f.w.h.m.)  and  the  linewidth  was 
ca.  6  cm-1.  The  fluorescence  decay  curves  were  obtained  with  a  time-to-amplitude 
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converter  and  a  multichannel  pulse-height  analyser.  A  microchannel  plate  photomulti¬ 
plier  (Hamamatsu  R1564U-01)  was  used,  and  the  instrumental  response  was  60  ps.  The 
time-resolved  fluorescence  intensity  at  a  selected  wavenumber  was  measured  through  a 
monochromator  (Nikon  P250). 


Results  and  Discussion 

The  Zeeman  splittings  of  the  2PV2, 2P1/2  and  2S,/2  levels  are  shown  schematically  in  fig. 
1  (top).  The  relative  strengths  for  observation  perpendicular  to  the  magnetic  field  are 
indicated  by  the  lengths  of  the  lines  in  fig.  1  (bottom),  using  full  lines  for  perpendicular 
(<r)  components  (Am  =  ±1)  and  broken  lines  for  parallel  («■)  components  (Am  =  0)  as 
given  by  Condon  and  Shortley.26  When  the  Na(3p  2p3/2)  atoms  are  equally  populated 
over  the  magnetic  sublevels,  the  intensities  of  the  transitions 

Na(3p  'P3/2,i/2  — *  3s  2S1/2-_i/j),  Na(3p  2P3/2,j/2  —*  3s  2Si/2it/2 )» 

Na(3p 2p3/2,-3/2  — *  3s  2Si/2i-i/2 )  and  Na(3p 2Pj/2.-i/2  3s2Sv/2,i/2) 

will  be  in  the  ratio  of  1:3:3: 1  for  the  a  polarization.  When  the  Na(3p2P,/2)  atoms 
are  equally  distributed  over  magnetic  sub-levels,  the  intensities  of  the  transitions 
Na(3p2P1/2,i/2-»  3s  2S1/2.-i/2 )  and  Na(3p  2P1/3-_i/2  — ►  3s  2S,/2.i/2 )  will  be  in  the  ratio  of 
1:1  for  the  a  polarization. 

At  the  applied  magnetic  field  of  14.8  kG,  the  Zeeman  splittings  of  the  Na(3p  2P.v2) 
and  the  Na(3p  2P,/r)  levels  are  2.76  and  1.84  cm  ',  respectively.  These  values  are  an 


m, 


Fig.  1.  Zeeman  splittings  of  the  2PV2, 2P1/2.  and  2S|/2  levels,  and  the  allowed  transitions  [( - ) 

polarized  perpendicular  (o)  and  ( - )  polarized  parallel  (n)  to  the  magnetic  field).  The  bottom 

part  shows  the  relative  transition  probabilities  by  the  lengths  of  the  lines. 
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order  of  magnitude  smaller  than  the  fine-structure  splitting  of  17.196  cm'1.  Hence,  the 
mixing  of  the  Na(3p2P3/2)  and  Na(3p2P,/2)  levels  by  the  Zeeman  interaction  may  be 
neglected.  The  hyperfine  splittings  of  the  m}  =  \  level  of  Na(3p  2Pva)  and  the  =  5 
level  of  Na(3s2S,/2)  are,  respectively,  0.004  and  0.042cm'1,  which  are  much  smaller 
than  the  Zeeman  splitting.  Hence,  the  effect  of  the  hyperfine  interaction  may  be  neglected 
in  the  present  study  of  the  collisional-energy  transfer.  The  applied  magnetic  field  of 
14.8  kG  is  sufficient  to  produce  a  complete  Paschen-Back  effect  of  the  hyperfine  structure, 
and  the  nuclear  spin  angular  momentum  /  and  the  total  electronic  angular  momentum 
j  are  decoupled. 

The  observed  Zeeman  spectra  of  fluorescence  from  the  collisionally  populated 
Na(3p  2P 1/2 )  level  following  the  selective  excitation  to  each  magnetic  sub-level  of 
Na(3p2Pj/2)  are  shown  in  fig.  2  for  Na  vapour.  The  temperature  of  the  reservoir  was 
kept  at  450  K,  and  the  vapour  pressure  of  Na  atoms  was  4x  10'5  Torr.27  The  radiative 
lifetimes  of  the  Na(3p2P3/2)  and  Na(3p2P,/2)  states  are  reported  to  be  16.3  ns.28'29 
Hence,  the  effect  of  multiple  collisions  can  be  neglected.  The  intensity  ratio  of  the 
transitions  Na(3p  2P„2,l/2  —  3s  2S1/2._1/2)  and  Na(3p2P1/2,_1/2  —  3s  2SI/2 1/2)  gives 
directly  the  ratio  of  the  collisional  transitions, 

Na(3p2P3/2,m)  +  Na(3s2S1/2)  — *  Na(3p2P1/2.)/2)  +  Na(3s2S1/2)  (3) 

and 

Na(3p2P3/2  m)  +  Na(3s2S|/2)  — *  Na(3p  2P1/2,-1/2)  +  Na(3s  2S1/2)  (4) 


fluorescence  from 


Ff*.2.  Observed  Zeeman  spectra  of  the  fluorescence,  polarized  perpendicular  10  the  magnetic 
field  (tr),  from  the  collisionally  populated  levels  Na(3p  2P1/2  m )  following  a  selective  excitation 
to  each  magnetic  sub-level  of  Na(3p  2PV2,M ).  The  sample  cell  contains  4  x  10'5  Torr  of  Na  atoms 
at  450  K. 
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because  the  probabilities  of  the  radiative  transitions  Na(3p  2P,/2.i/2  3s  2S1/2 -1/2)  and 
Na(3p2P,/2.-i/2— ^ ►  3s  2S|/2.i/2 )  are  the  same.  We  express  the  transition  probability  of 
the  process  expressed  by  eqn  (2)  as  PN«.A0‘1,  ml  j2,m2).  The  ratio  of 
PNa-Na(i  m  -*  5, 5) :  PNa-N.d,  m  2,  ~i)  for  the  selective  excitation  to  each  magnetic 
sub-level  Na(3p  2P3/2,m )  is  listed  in  table  1,  which  shows  that  the  ratio  increases  in  the 
order  m  =  j,  j,  — |  and  -§.  The  Zeeman  spectra  of  the  fluorescence  from  the  collisionally 
populated  Na(3p  2Pj/2)  level  following  the  selective  excitation  to  each  magnetic  sub-level 
of  Na(3p  2P 1/2 )  are  shown  in  fig.  3  for  Na  vapour.  The  ratios  of  the  transition  probabilities 

PNa-Na(l*  m  2,1)  :  P Na-Na(j>  m  *  I,  l)  •  Psa-NaGi  m~*l>  ~~  5)  '■  PNa-Na(?>  m  ~ *  l»  — I ) 

for  m  =  \  and  -5  are  listed  in  table  1.  The  probability  increases  in 
the  order  PN,_N*(i,  m  —  §, §),  PNa-N*(5,  m  -*■  |,i),  PNa-n.(£,  «  -*  I,  ~§)  and 
PNa-Na(^.  m  2,  -§)  for  m  =?»  and  in  the  opposite  order  for  m  =  — j.  The  transition 
energies  decrease  as  the  transition  probabilities  increase  for  nt  =  {,  but  the  transition 
energies  increase  as  the  transition  probabilities  increase  for  m  =  -\.  Hence,  the  energy 
difference  seems  to  be  unimportant  in  determining  the  transition  probability.  Similar 
experiments  were  performed  for  the  Na  +  K.  system.  The  temperature  of  the  reservoir 
was  kept  at  450  K  and  the  vapour  pressure  of  Na  atoms  and  K  atoms  were,  respectively, 
4x  10  5  and  2  x  10-'  Torr.27  The  results  are  similar  to  the  Na  +  Na  system,  and  they  are 
listed  in  table  1. 

The  quantum-mechanical  theories  of  fine-structure  transition  have  been  described 
and  been  applied  to  calculate  the  cross-sections  for  fine-structure  transitions  in  collisions 
of  Na  with  inert-gas  atoms.30-37  The  total  cross-section  for  ,he  j,  m,  — *  j2m2  transition 


Table  1.  The  observed  ratios  Pn.-a(I.  m  -*  5,  j);  Pn.-a(|.  m  5.  ~l)  and 
Pn»-a(j.  m  -*  i.i  )■  Pn3-a(5,  m  ~*2.3 ):  Pnh-aIj,  m  -»  I,  ):  PNa-*(i.  m  -*l.  ~i)  and  the  total 
cross-sections  <r(j\  mt\j2m2)  expressed  by  Grawert  constants 


m 

P Na-Na (1 1 

:  Pn.-n. 

Pn.-k( 

2, 1*1  U>: 

P Va- 

k(4.  m  -*  4.  -4) 

3 

2 

0.71  :  1 

0.76 : 

1 

j 

0.88  :  1 

1 

1.22:  I 

1.16: 

1 

3 

“2 

1.78  :  1 

1.59: 

1 

A 

m  PNa-A 

[3.™  -*■  1,1):  Pn. 

a^,™  -*  l.j):  P m0-a( 

p,m  -*  2,  -7) 

Pn. 

-aOI,"1  ~ *  3,-3) 

Na 

1 

2 

0.60 

0.84 

0.93 

1.00 

i 

“2 

1 .00 

0.95 

0.89 

0.68 

K 

1 

2 

0.61 

0.81 

0.92 

1.00 

I 

“2 

1.00 

0.98 

0.95 

0.75 

m  o'fs,  "i;  4, -5) 


l  3B(l)/4+fl(2)/4 

B(  2) 

4  B(l)/2+  B(2)/2 

B(l)/4+3B(2)/4 

-4  B(l)/4  +  3B(2)/4 

B(l)/2+B(2)/2 

B( 2) 

3B(l)/4+B(2)/4 

where  B(t)  =  8(fi;  1)  and  B(2)  =  B(\\-2) 

rw; la  — i)  o‘(i,nt;J,-J) 

4  3A(l)/4+A<2)/4  A(l)/2  +  A(2)/2  A(l)/4+3A(2)/4  A(2) 

-j  A(  2)  A(l)/4+3A(2)/4  A(l)/2  +  A(2)/2  3A(l)/4  +  A(2)/4 

where  A(l)-8(jf;  1)  and  A(2)=B(4j;2) 
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n*3.  Observed  Zeeman  spectra  of  the  fluorescence,  polarized  perpendicular  to  the  magnetic 
field  (<r),  from  the  collisionally  populated  levels  Na(3p  2Py2.m>  following  a  selective  excitation 
to  each  magnetic  sub-level  of  Na(3p  %*-)■  The  sample  cell  contains  4  x  10  5  Torr  of  Na  atoms 

at  450  JC. 


is  given  by 

<r(jtr»2l  hmi)  =  1 -  m2|gm,  -  m2)2B(jxj2\ g)  (5) 

* 

where  0'i./2m,-m2|gm,-m2)  is  the  Clebsch-Gordan  coefficient.  The  dynamical  para¬ 
meters  B(jtj2 ;  g)  are  specified  by  a  close-coupled  partial-wave  calculation,33,35  and  we 
shall  call  these  the  Grawert  constants.  The  coefficients  are  derived  by  considering  the 
conservation  of  the  angular  momentum.  For  j,  =1  and  j2  =  f,  the  total  cross-sections 
are  expressed  by  two  Grawert  constants  B(\  | ;  1)  and  B{\  §;  2)  (table  1).  The  observed 
results  suggest  that  the  value  of  B(jJ2;  2)  is  larger  than  B(jJ2 ;  1).  The  magnitude  of 
B(j\ji  \g)  depends  on  the  interaction  potentials,  and  further  theoretical  calculations  of 
based  on  accurate  potential-energy  curves  are  desired. 

When  atomic  or  molecular  states  are  coherently  excited  by  an  optical  pulse,  the 
emitted  light  may  exhibit  the  spontaneous  decay  and  an  amplitude  modulation  called 
quantum  beats  at  the  frequency  of  the  energy  separation  between  the  excited  states.38,39 
We  have  observed  hyperfine  quantum  beats  and  Zeeman  quantum  beats  in  the  light 
emitted  from  the  Na(3p  2P3/z)  level  after  excitation  by  a  short  laser  pulse.40  The  quantum 
beats  observed  at  the  external  magnetic  field  of  129  G  are  shown  in  fig.  4. 

The  Na(3p2P3/2)  and  Na(3s*S|/2)  levels  are  split  by  the  Zeeman  and  hyperfine 
interactions.  The  Hamiltonian  responsible  for  the  hyperfine  and  Zeeman  interactions 
is  given  by 

H'  =  AjI-j  +  Bj[Hi-j)2+G)l-j-HH-lMj+l)]/2I(2I-m2j-l) 

+  g)H*J’  H-giH*l’  H  (6) 

where  At  is  the  magnetic  hyperfine  structure  constant,  B}  is  the  electric  quadrupole 
interaction  constant,  and  the  third  and  fourth  terms  represent,  respectively,  the  interac¬ 
tions  of  the  electronic  and  nuclear-magnetic  moments  with  the  external  magnetic  field. 


Fig.  4.  Observed  fluorescence  intensities  as  a  function  of  time  following  the  excitation 
Na(3p  2P3/2  «-  3s  2S1/2 )  by  a  cr-  polarized  short  light  pulse  in  the  presence  of  the  external  magnetic 
field,  H  =  129  G.  (a)  Fluorescence  of  the  Na(3p  2P3/2  — ►  3s  2S1/2 )  transition  with  tr  polarization. 
(6)  Fluorescence  of  the  Na(3p  2P,/2  -►  3s  2Si/2  )  transition  with  a  polarization.  The  upper  trace 
is  the  modulated  part,  which  is  obtained  by  subtracting  the  unmodulated  part  and  the  amplitude 

is  expanded. 

gj  and  g,  are,  respectively,  the  gyromagnetic  ratios  of  the  electron  and  nucleus,  while 
Mb  is  the  Bohr  magneton.  The  values  of  Aj,  Bjt  g,  and  g,  are  reported,  respectively,  to 
be  18.65  MHz,  2.82  MHz,  1.3344,  and  -0.0008  for  Na(3p2P3/2),  and  885.82  MHz,  ca. 
0  MHz, 2.0023,  and  -0.0008  for  Na(3s  2S)/2). 39,41  The  energy  levels  at  H  =  129 G  and 
the  transition  moments  between  these  levels  have  been  calculated,  and  the  results  are 
shown  schematically  in  fig.  5.  The  pattern  of  the  beats  in  fig.  4(a)  was  explained  very 
well  by  a  theoretical  calculation.40  The  main  pattern  of  the  beats  was  explained  as  the 
overlap  of  two  types  of  beats,  which  exhibit  intensity  modulations  at  frequencies 
corresponding  to  the  energy  separations  between  the  levels  of  ntj  =5  and  -5,  and  m,  =  5 
and  -j. 

The  time  evolution  of  the  <7-  polarized  fluorescence  intensity  of  the 
Na(3p2P,/2-»  3s2S1/2)  transition  following  the  excitation  Na(3p2P3/2»-3s2Sl/2)  by  a 
cr- polarized  short  light  pulse  at  H  =  129  G  is  shown  in  fig.  4(b).  This  shows  a  rise, 
which  corresponds  to  the  production  of  the  Na(3p  2P./2)  atoms  induced  by  collisions 
of  the  Na(3p  atoms  with  the  Na(3s  2Si/2 )  atoms,  and  a  decay,  which  occurs  either 
radiatively  or  non-radiatively.  It  is  very  interesting  to  find  an  amplitude  modulation  in 
the  fluorescence  from  the  collisionally  energy-transferred  state  Na(3p2Pl/2).  In  order 
to  enhance  the  modulated  part,  we  have  subtracted  the  unmodulated  part  by  simulating 
the  fluorescence  rise  and  decay  by  least-squares  fitting,  and  the  modulated  part  is  shown 
in  the  upper  trace  of  fig.  4(b).  That  is,  to  our  knowledge,  the  first  observation  of  quantum 
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w=0  H  =  129G 


Fig.  5.  Zeeman  and  hyperfine  structure  of  the  Na(3p  2P3/2)  and  Na(3s  2S1/2 )  levels  at  the  magnetic 
field  H  =  129G.  The  allowed  transitions  of  a  polarization  are  shown;  thick  lines  are  of  pre¬ 
dominant  transition  probabilities,  and  thin  lines  are  of  minor  transition  probabilities. 

beats  in  collision-induced  fluorescence.  The  frequency  of  the  modulation  coincides  very 
well  with  that  of  the  quantum  beats  of  the  resonance  fluorescence  Na(3p  2P3/2-*  3s  2S1/2), 
but  the  phases  are  oppos;'e. 

When  the  Na(3s  *St|,2>1/2 )  atoms  are  coherently  excited  by  a  cr- polarized  optical  pulse 
of  the  Na  D2  line,  the  quantum  beats  of  the  resonance  fluorescence  are  given  by 

<2s!Wpy>2<2sHlMxl2PM>2 

X  COS  (£j/2.3/2  —  £3/2, -1/2  )t/h  exp  (-Tr)  (7) 

where  {jm\fiX \j'm‘)  is  the  transition  moment  of  the  jm-j'm'  transition  and  nx  is  the 
electric  dipole  moment  along  the  X  axis,  Ejm  is  the  energy  of  the  jm  level,  and  F  is  the 
decay  rate  of  the  excited  state.  If  we  assume  that  the  coherence  is  conserved  during 
the  collisional  energy  transfer  following  the  coherent  excitation  of  the  Na(3s  2S)/2-1/2) 
atoms  by  a  a-- polarized  optical  pulse  of  the  Na  D2  line,  then  the  intensity  modulation 
of  the  fluorescence  Na(3p  JPl/2  — ►  3s  2S,/2 )  is  given  by 

^pUK^IIImx  M  -5) 

XP(^  ^5)P(i  -5  -  HX2P|WSM>2 

+<2s|-ilMxl2HiX2slilMxl2H-l> 

X  P(ii  -  J  -i)P(§  -*  -0(2Pj  -ilMx  |2S?5>2] 

xcos  (E3/j_j/2-  E3/2  _,/2)f/#l  exp  (— r r).  (8) 

The  frequency  of  the  intensity  modulation  given  by  eqn  (7)  coincides  with  that  of  eqn 
(8).  The  coefficient  of  cos(Ej/2,3/2-£3/2,-i/2)t/h  in  eqn  (7)  is  positive,  but  the  corre¬ 
sponding  coefficient  in  eqn  (8)  is  negative,  as  can  be  seen  easily.  Hence,  the  phases  of 
the  intensity  modulations  expressed  by  eqn  (7)  and  (8)  are  opposite.  This  character 
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holds  also  in  the  case  of  the  coherent  excitation  of  the  Na(3p  atoms.  These 

results  are  in  good  agreement  with  the  observed  results.  Therefore,  the  present  experi¬ 
mental  results  give  direct  evidence  of  the  conservation  of  coherence  during  the  collisional 
energy  transfer. 

We  thank  the  Ministry  of  Education,  Science  and  Culture  of  Japan  for  Grant-in-aids 
for  scientific  research.  We  also  thank  Dr  Naoto  Tamai  for  the  measurement  of  the 
quantum  beats. 
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It  is  important  to  determine  the  degree  of  orientation  and  alignment  of  a 
given  ensemble  of  molecules,  whether  they  be  reagents  (prepared  via 
hexapole  focusing  or  laser  excitation),  or  products  from  crossed-beam  reac¬ 
tions  or  scattering  from  surfaces.  In  general,  the  orientational  probability 
density  function  P(cos  0),  Le.  the  spatial  distribution  function  of  the 
molecular  framework,  can  be  expressed  as  a  Legendre  expansion  in 
cos  0(»p),  where  the  angle  0  is  defined  with  respect  to  the  axis  of  a  reference 
electric  field.  The  first  moment  of  P(p),  Le.  (P,  (p)>»  P,,  is  the  average 
orientation,  while  the  second  moment,  P2 ,  is  the  average  alignment.  Unfortu¬ 
nately,  because  of  hyperfine  coupling  effects  (dependent  upon  the  electric 
field  strength  and  upon  the  time-dependence  of  the  passage  of  the  orientated 
molecules  from  strong  to  weak  field,  e.g.  from  the  hexapole  through  guiding 
and  orientation  fields),  it  is  not  always  possible  to  ascertain  the  actual  P(p). 
The  present  paper  provides  the  methodology  for  inversion  of  experimental 
measurements  of  the  asymmetry  parameters,  from  the  polarized 

laser-induce^.  ^fragmentation  of  oriented  symmetric-top  molecules,  to 
yield  the  first  few  Legendre  moments  of  P(p)  and  thus  characterize  a  given 
ensemble  of  molecules  in  terms  of  its  orientation  and  alignment.  As  an 
example,  this  method  is  applied  to  available  experimental  measurements  on 
CHj  I  in  weak  electric  fields,  for  which  computations  dealing  with  certain 
limiting  (adiabatic,  sudden)  hyperfine  coupling  cases  have  been  carried  out. 


1.  Introduction 

A  central  issue  in  chemical  reaction  dynamics,1  and  especially  in  dynamical 
stereochemistry,2  is  the  influence  of  the  mutual  orientation  and  alignment  of  the  reagents 
upon  their  reactivity.  Since  the  introduction  of  the  electrostatic  hexapole  technique  for 
the  preparation  of  orientated  molecule  beams,3  4  there  have  been  a  number  of  studies 
of  the  so-called  reactive  asymmetry  effect  in  elementary  bimolecular  reactions  using 
beams  of  (partially)  orientated  reagent  molecules.3'7  There  have  also  been  reports  of 
the  orientation  dependence  of  photoionization*  of  molecuJe-surfs.ce  scattering9  and  the 
orientation  of  molecules  desorbed  from  a  surface.10 

In  all  experiments  with  orientated  molecules  in  the  gas  phase,  an  important  question 
is  the  actual  extent  or  degree  of  orientation  of  the  molecular  framework  of  the  molecules 
under  investigation.  In  many  cases,  although  there  is  little  doubt  about  the  direction 
of  the  orientation  (’heads’  vs.  ‘tails’ ),  there  is  considerable  uncertainty  about  the  shape, 

t  Present  address:  James  Franck  Institute,  University  of  Chicago,  Chicago,  IL  60637,  U.S.A. 
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or  even  the  breadth,  of  the  orientational  distribution  function  /’(cos  0),  where  0  is  the 
angle  between  the  molecular  dipole  axis  and  the  electric  field  e. 

For  the  simple  case  of  symmetric-top  molecules,  the  theory  of  hexapole  focusing 
and  state-selection  via  the  first-order  Stark  effect  is  well  developed.3  "  Experiments 
with  near-ideal  hexapole  lenses12  confirmed  key  elements  of  the  focusing  theory  for 
methyl  halides  and  related  molecules.  For  the  prolate  tops,  single  |  JKMj }  states  can 
be  resolved,  while  for  oblate  tops124  and  ‘pseudo-symmetric’  tops  (such  as  t-butyl 
halides)13  unstructured  focusing  curves  of  near-theoretical  shape  with  proper  threshold 
voltages  are  obtained. 

For  proper  analysis  of  the  reactive  asymmetry  experiments,  one  requires  a  knowledge 
of  the  overall  orientational  distribution  function  of  the  ensemble  of  states  of  the  focused 
beam  molecules  entering  the  reaction  zone.  One  can  characterize  this  distribution  in 
terms  of  its  so-called  Legendre  moments,14  i.e.  (P,( cos  0))s  Pi* (cos  0),  the  average 
orientation,  (P2( cos  0))®  P2  =  j(cos2  0)-?,  the  average  alignment  of  the  ensemble  etc. 

Until  recently,  it  was  necessary  to  use  theoretical  orientational  distributions  since 
there  was  no  experimental  way  to  measure  them.  (In  exceptional  cases,  one  can  employ 
the  observed  electric-field  dependence  of  the  steric  effect  itself  to  check  the  calculated 
degree  of  orientation,  as  for  oriented  N207  and  NO15).  In  many  cases,  such  theoretical 
distributions  are  expected  to  be  inaccurate,  since  they  are  calculated  in  the  strong-field 
(spin-decoupled)  limit  in  which  the  |  JKMj )  representation  is  appropriate.  Nuclear  spin 
effects  (hyperfine  coupling)  lead  to  a  partial  loss  of  spatial  orientation716  and 
alignment. 15,17  In  particular,  |  JKMj  )-selected  molecules,  after  passing  out  of  the  strong- 
field  region  (e.g.  E  =  lOkVcm-1)  and  entering  the  relatively  weak  ‘orientation  field’ 
(e.g.  E  =  50  V  cm'1 ),  used  to  preserve  the  quantization  axis  in  the  reaction  zone,  undergo 
recoupling  of  the  nuclear  spin(s),  (\1M,))  with  the  rotational  angular  momentum 
(|  JKMj))  to  form  a  superposition  of  the  hyperfine  states  (|FMf))  with  a  lower  degree 
of  orientation  and  alignment.  An  extensive  theoretical  treatment16  of  this  ‘weak-field’ 
problem  has  provided  expressions  for  the  orientation  probability  distributions  /’(cos  0) 
for  all  the  methyl  halides  in  the  zero-field  limit,  but  an  analytical  description  of  the 
electric-field  E-  dependence  is  not  yet  available.  The  treatment  also  has  been  carried 
out  in  both  the  adiabatic  and  sudden  approximation,  with  distinguishable  results.  Fig. 
1  shows  some  typical  results,16  to  be  discussed  in  section  3. 

Experiments  to  demonstrate  the  E  dependence  have  been  carried  out18  for  the 
‘worst-case’  molecule,  CH3l  (for  which  the  nuclear  spin  of  the  halogen  is  §  and  the 
nuclear  quadrupole  coupling  constant  eqQ=  1940  MHz),  revealing  the  extreme  field 
dependence:  for  low  J  states  at  low  fields,  the  spatial  disorientation  effect  of  the 
spin-recoupling  process  is  severe.  Thus,  as  is  well-known,6'715  one  cannot  simply  assume 
a  theoretical  knowledge  of  the  shape  of  P(cos  0),  or  its  first  moment  (cos  0>=  P, ,  in 
view  of  the  hyperfine  effect.  Even  the  influence  of  the  details  of  the  passage  from  strong 
to  weak  field  upon  the  asymptotic,  weak-field  distribution  P(cos  0)  must  be  taken  into 
account.  An  objective  measurement  of  the  orientational  distribution  of  an  arbitrary 
ensemble  of  (partially)  oriented  molecules  is  therefore  desirable,  all  the  more  so  in  the 
absence  of  detailed  information  on  the  method  of  preparation  of  the  ensemble. 

Gandhi  et  aL'9  have  provided  such  an  experimental  method  (albeit  with  certain 
limits  of  applicability)  that  makes  use  of  polarized  laser-induced  photofragmentation 
of  the  ensemble  of  (oriented)  molecules.  The  molecules  are  photodissociated  within  an 
orientation  field,  Le.  a  vertical  d.c.  electric  field  £  with  the  polarization  of  the  laser 
vertical  (or  horizontal).  In  its  simplest  form,  the  experiment  consists  of  a  measurement 
of  the  photofragment  signals  S*  and  S~  in  the  +z  (‘up’)  and  -z  (‘down’)  directions. 
Normally  £  is  directed  upward,  Le.  from  -z  to  +z.  The  measured  ±z  asymmetry  in 
the  signal  is  an  indicator  of  the  degree  of  orientation  of  the  ‘patent’  molecules  prior  to 
photodissociation.  Provided  that  the  optical  transition  is  parallel  in  nature  and  the 
dissociation  ‘prompt’  (r«lps),  as  for  CHj  I  at  ca.  280  nm,!0  the  analysis  is 
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Fig.  1.  Theoretical  orientation  probability  density  functions  P(p)  and  photofragment  angular 
distributions  /( p)  for  CH3I  in  the  strong-field  limit  [ref.  (23)]  (a)  and  weak-field  limit  [ref.  (16)] 
(6),  the  latter  in  the  adiabatic  approximation,  all  referring  to  the  parent  state  |  JKMj )  =  |222>. 

( - )  Normalized  P(p);  ( - )  Ss(p);  ( - )  Sx(p).  (All  ordinates  designated  /;  5  curves 

not  normalized.) 


straightforward.19-21  Given  the  functional  form  of  P( cos  0)  characterizing  the  ensemble 
of  molecules,  one  can  calculate  directly  from  P(cos  0)  the  experimental  ratio  k  = 
S~/S*  (0^  k  <  1)  for  the  normal  experimental  polarities.  Comparison  of  experimental 
k  values  for  several  different  \JKMj)  parent  states  obtained  with  vertical  laser  polariz¬ 
ation  under  weak-field  conditions  showed  fair  agreement19  with  the  calculated16 
(‘sudden-limit’)  values,  but  the  conclusion  was  limited  by  the  accuracy  of  the  k 
measurements.  Measurement  of  n  with  horizontal  laser  polarization  gives  some 
independent  information  of  the  degree  of  orientation  of  the  ensemble/8  21  Fig.  2 
shows  some  typical  experimental  results,21  to  be  discussed  in  more  detail  in  section  5. 
In  the  Appendix,  methods  are  suggested  to  obtain  even  more  information  from 
measurements  as  a  function  of  laser  polarization  angle. 

The  goal  of  the  present  work  is  to  develop  useful  relations  to  make  it  possible  to 
determine  the  molecular  orientation  and  alignment  from  such  polarized  laser  photofrag¬ 
mentation  measurements.  It  will  be  seen  that  such  measurements  of  k  for  both  parallel 
and  perpendicular  polarizations  can  be  used  to  evaluate  the  first  two  Legendre  moments, 
Pt  and  Pj  of  the  orientational  distribution,  and  in  certain  cases,  lead  to  an  estimate  of 
P}.  The  method  is  tested  with  several  computer-simulated  and  experimental  data  sets. 
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relative  TOF/ns 

Fig.  2.  Sample  of  experimental  TOF  distributions  of  the  I(  2P)/2 )  fragment  from  the  polarized 
laser-photofragmentation  of CH3I  (parent  state  \JKMj)  =  \222)),  using  vertical  (||)  and  horizontal 
(1)  laser  polarizations  as  indicated,  all  in  a  weak  field  (ca.  30  V cm-1),  (a)  Orientated  beam 
molecules;  (b)  ‘unorientated'  (but  state-selected)  beam  molecules,  same  beam  as  in  (a),  but  with 
orientation  field  set  at  zero  to  randomize  Mf.  Original  data  from  ref.  (21)  (fig.  3),  but  smoothed 
and  re-plotted  (with  a  small  shift  in  position  of  vertical  ‘dividing  line’  between  the  hemispheres). 
See  text  (section  5)  for  re-analysis  of  results. 

2.  Methodology 

To  avoid  extensive  duplication,  we  make  use  of  much  of  the  notation  and  assumptions 
of  ref.  (14)  and  (22),  which  dealt  with  the  Rb  +  CH3I  reaction,  and  the  treatment  of  the 
theory  of  oriented  symmetric-top  molecules  (in  the  strong-field  limit)  and  their  photofrag¬ 
mentation  asymmetry.23  We  also  assume  familiarity  with  many  of  the  relevant  references 
to  photofragmentation  dynamics  with  emphasis  on  CH3I.24'32  For  simplicity,  we  shall 
assume  that  the  0  parameter  of  the  photofragment  angular  distribution  7(0)  <x 
l+0P2(cos  0)  is  2;  i.e.  a  pure  parallel  transition  with  prompt  dissociation.  (The  more 
general  results  for  -1  s  0  *=  2  are  presented  in  the  appendix.) 

The  observable  k  values  (for  |]  and  l  laser  polarizations)  are  given  in  terms  of  the 
photofragment  intensities  (the  ‘signals'  S* )  in  each  hemisphere.  Thus 

kb  =  S»/SJ  =  J*  P(p)p2dP//£  P(p)p2dp  (la) 

Ki-5:/St  =  J°P(p)i(l-p2)dp/|()1p(p)i(l-p2)dp  (lb) 

where  P(p)  is  the  orientational  probability  density  function  (p.d.f.)  of  the  oriented 
(selected)  molecules,  e.g.  from  parent  states  JKMj.  Here,  p  ■  cos  0  and  jl,  P(p)  dp  =  1 
as  usual;22  23  1  »  p  »  -1. 
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Expanding  P(p)  in  a  Legendre  series, 

P(p)=  Z  CnPn(p)  (2) 

n  =0 


where  Pn(p)  is  the  nth  Legendre  function  and  N  =  2J.  The  coefficients  C„  are  closely 
related14-22  to  the  Legendre  moments  of  the  p.d.f.: 


2n  +  l  2n+  1  - 

C„  =—7—(Pn{p)>  =  —T—P„. 


(3) 


We  rewrite  eqn  (2)  in  terms  of  the  Legendre  moments: 

N  /2n  +  l  -  \ 

p(p)=lo[-~pnJpn(p).  (4) 

Thus,  Sjj",  S|f ,  SI,  S t  and  »tj,  k±  can  be  expressed  in  terms  of  simple  series  as  follows. 
Write  expressions  for  the  signals  in  each  hemisphere,  Sjf  or  S* ,  in  terms  of  hemisphere 
expansion  coefficients,  designated  sjf,  s*.  Thus, 

ST  -  I  if.  (5a) 

n  =0 

sl=  z  *!.*.  (56) 

«  =0 

where 

%.  =  J  ,  (^^)pJp"(p)dp;  *«»  =  {  ^^Y^)p2^n(p)dp  (5c) 

and 

*L.  =  J  ,(^T ^)(1-P2)/,-(P)dP;  •I--]'  (2n  +  l,4)(l-p2)P„(p)dp.  (5 d) 

These  hemisphere  expansion  coefficients  can  be  readily  evaluated  by  (analytical)  integra¬ 
tion  using  known  Legendre  expressions  P„(x). 

Employing  an  expansion  for  the  Legendre  function  P„(p)  adapted  from  eqn  (2.5.13) 
of  Edmonds,”  and  carrying  out  the  appropriate  hemispheric  integrations  (p  from  -1 
to  0  and  from  0  to  +1,  as  required),  one  obtains  the  desired  expansion  coefficients  sjf„ 
and  explicitly,  in  terms  of  simple  series.  For  odd  n,  we  find: 

•  _riny)/2(  (-)m(2n-2m)!(2n  +  l) 

Jr. o  V2"+1m!(n-m)l(n-2m)!(n  +  3-2m) 

,  =Jny)'2( _ (~)’"(2n  -2m)!(2n  +  1) _ 

"  Jl o  \2"+lm!(n-m)!(n-2m)!(n  +  3-2m)(n+l-2m) 

(Thus,  for  odd  n,  s  =  -*jf,  and  =  -  iL, ). 

For  even  n,  the  upper  limit  of  the  summations  in  eqn  (6)  is  n/2,  and  ail  s„  coefficients 
are  zero  beyond  n  =2.  Explicit  s„  coefficients  for  odd  and  even  n  are  listed  in  table  1, 
for  0</t<6. 

Truncating  the  series  at  n  =  3  yields  the  following  explicit  expressions  for  the 
hemispheric  signals: 

+  (7a) 

Sl-lT&P.-lAisr/V  (76) 
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Table  1.  Hemispheric  expansion  coefficients  s„° 


n 

6S|„ 

6  *j.n 

6*t„ 

0 

1 

1 

1 

1 

1 

~4 

* 

"8 

8 

2 

2 

2 

-1 

-1 

3 

“8 

8 

4 

4 

0 

0 

0 

0 

5 

a 

-a 

-m 

m 

6 

0 

0 

0 

0 

°  Expansion  coefficients,  eqn  (S),  for  signal  in  the  indicated  hemi¬ 
sphere  {-z,  +z )  for  ||  and  1  polarization  of  laser  (see  text).  Thus: 

and  Sl  =  lsl„Pn-,K±  =  Sl/Sl. 

n  n 


Note  that 

(S,'  +  2S:)  +  (S|  +  25r)=l.  (8) 

Utilizing  eqn  (7),  we  obtain  the  so-called  ‘three-moment'  approximation(s)  for  fcM ,  kx  : 

ks  =  (1-|P1  +  2Pj-IP,)/(1+!P,  +  2P2  +  IP3)  (9a) 

^  =  (l-!P,-P2+iP})/(l+!P,-P2-JP3).  (96) 

Also  utilizing  eqn  (7),  we  obtain  a  simple  relation  that  yields  the  alignment  P2  directly. 
We  define  R  as  the  ratio  of  the  total  signal  (both  hemispheres)  ||  vs.  J.: 


n«(s,-+sjf  )/($:+ st). 

(10) 

Using  eqn  (7),  we  find  that 

P  =  (1  +  2P2)/(1-P2). 

(11a) 

Thus 

P:  =  (*-!)/(* +  2) 

(116) 

independent  of  K|,kx.  Combining  eqn  (9)  and  (10),  we  obtain  explicit  equations  for 
Pi,  P2  and  P3  from  the  observables  k(,  kx  and  R.  [P2  from  eqn  (116).] 

16/  R  1  (1-kA] 

'  15\P  +  2/L\1  +  k#/  2/?\1  +  kJJ 

(12a) 

(126) 

[Note  that  P/(fl  +  2)  =  i(l  +  2P2),  from  eqn  (11).] 

Next,  we_consider  a  few  special  cases,  approximations  to  the  above  treatment. 
(1)  P2  =  Pj  =  0  and  R  =  1,  so 


and 


(13) 


(14) 
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Eqn  (14)  is  tenned  the  ‘one-moment  approximation.’ 

(2)  P3  =  0  and  R  *  1.  Assume  no  measurement  of  R,  so  the  evaluations  of  P,  and 
P2  must  come_  from  ,  kx  only.  From  eqn  (9)  with  P3  set  at  0,  we  obtain  explicit 
formulae  for  P,  and  P2: 


p  2  (1-X||)(1-kx) 

'  3  (1-K||KX) 

p  3  [I-SIkx-k^-khKx] 

2  4  (I-KjICj.) 


(15a) 

(15b) 


Eqn  (15)  represents  the  ‘two-moment  approximation.’  It  will  be  seen  in  Sec.  V  that 
this  approximation  is  useful,  in  the  absence  of  further  information  beyond  k(|  and  k±  . 

(3)  The  next  approximation  is  to  assume  P2  =  0(P  =  1),  in  the  absence  of  direct 
measurements  of  R,  and  to  use  the  three-moment  approximation;  i.e.  eqn  (12).  Thus, 


(16a) 

(16b) 


This  approximation  is  termed  ‘3-moment,  with  P2  =  0.’  In  section  5,  we  shall  test  the 
applicability  of  these  various  approximations  to  realistic  examples. 


3.  Theoretical  Calculations  of  xs=,  k± 

Next,  we  consider  the  role  played  by  the  Legendre  moments  in  determining  the  observ¬ 
ables  K( ,  kx  .  table  2  presents  theoretical  calculations  of  the  k  values  according  to  eqn 
(1)  for  six  experimentally  important12”  |  JKMj)  parent  states  in  the  strong-field  (spin- 
decoupled)  and  weak-field  limits.  The  original  calculations16  of  the  P(p)  were  carried 
out  using  a  number  of  approaches  to  the  hyperfine  coupling  problem.  The  hyperfine 
calculations  were  based  on  considerations  of  the  nuclear  spin  of  the  iodine  and  of  the 
three  hydrogen  nuclei  and  the  coupling  of  each  to  the  rotational  angular  momentum. 
In  one  of  these,  a  sudden  approximation  was  used  [somewhat  similar  to  the  treatment 
of  ref.  (17)j,  assuming  a  sharp  discontinuity  in  the  field  strength  of  the  exit  of  the 
strong-field  region.  The  resulting  ‘weak-field’  P(p)  exhibits'6  a  rapid  oscillatory  time 


Table  2.  Theoretical  calculations  of  k(,  k  l  for  selected  |  JKM, >  parent  states  of  CH3I‘> 


parent 

state 

\JKMj) 

parallel 

perpendicular 

strong  field 
(decoupled) 

weak  field6 

strong  field 

weak  field6 

sudden 

adiabatic 

(decoupled) 

sudden 

adiabatic 

1222) 

0.003 

0.285 

0.266 

0.067 

0.528 

0.541 

1111) 

0.032 

0.467 

0.649 

0.231 

0.680 

0.798 

1212) 

0.067 

0.528 

0.470 

0.293 

0.699 

0.744 

(313) 

0.099 

0.508 

0.465 

0.340 

0.683 

0.758 

1211) 

0.293 

0.700 

0.836 

2.01 5C 

0.961 

0.917 

1312) 

0.293 

0.550 

0.626 

1.753c 

0.894 

0.833 

*  Entries  are  k  values  calculated  for  the  indicated  cases.  6  'weak  field’  implies  that  £«  1  V cm'1 
in  the  region  of  the  orientation  .field  probed  by  the  laser  Surprisingly,  these  entries  are  greater 
than  unity,  despite  the  fact  that  P,> 0  (it.  ‘normal’  direr  of  orientation).  This  is  due  to  the 
sin2  8  factor  in  the  l-polarization  probing  by  the  laser. 
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Table  3.  P,  and  P2  for  selected  |  JKMj )  parent  states:  adiabatic  vs.  sudden  approximations0 


Set  r 


parent  state 


1  JKMj) 

A, 

s, 

A, 

s, 

1222) 

0.283  1 

0.294  3 

0.041  95 

0.070  62 

1111) 

0.107  1 

0.185  7 

0.035  71 

0.022  16 

|212) 

0.148  1 

0.147  1 

-0.015  87 

-0.035  31 

1211) 

0.059  70 

0.735  7 

0.046  48 

0.017  65 

1312) 

0.085  99 

0.099  57 

-0.012  14 

0.000  00 

Set  2h 


P. 

/ 

j 

2 

a2 

A, 

S2 

1222) 

0.273  3 

0.272  0 

0.040  0 

0.056  14 

|H1> 

0.098  02 

0.1666 

0.018  84 

0.016  44 

1212) 

.0.148  8 

0.136  0 

-0.018  74 

-0.028  07 

|211) 

0.042  00 

0.067  90 

0.044  70 

0.013  11 

1312) 

0.095  10 

0.091  90 

-0.011  09 

-0.046  52 

"  Set  I :  A,  and  S',  denote  adiabatic  and  sudden  approximations,  respectively, 
taking  only  1  coupling  into  account.  h  Set  2:  A2  and  S2  denote  adiabatic  and 
sudden  approximations,  but  now  taking  I  and  H  couplings  into  account. 


dependence,  with  an  average  asymptotic  form  expressible  in  terms  of  an  expansion  in 
p.  [From  the  resulting  P(p),  the  k  values  are  calculated  via  eqn  (1).] 

In  the  other  approach,  the  adiabatic  approximation  was  used.  Here  it  is  assumed 
that  there  is  a  gradual  rather  than  a  sudden  transition  in  field  strength  between  the 
strong-  and  weak-field  regions,  i.e.  the  hexapole  and  the  orientation  field.  Thus  there 
is  no  time-dependence  of  the  weak-field  P(p).  The  resulting  orientational  distribution 
function  is  also  expressed  explicitly  in  p  and  then  the  k  values  are  calculated  as  for  the 
sudden  approximation.  The  k  values  appear  in  table  2;  it  is  obvious  that  the  disorienta¬ 
tion  effect  of  the  nuclear  spins  (mainly  due  to  that  of  the  I)  is  severe,  and  that  it  should 
be  possible  to  distinguish  between  the  strong-field  and  the  two  weak-field  approximations 
from  k  measurements.  Table  3  lists  the  theoretically  calculated  vaiues  of  P,  and  P2  for 
five  selected  \JKMj)  parent  states. 

Fig.  1  shows  a  graphic  example  of  the  loss  in  orientation  due  to  the  hyperfine 
recoupling  problem.  The  strongly  asymmetric  P(p)  in  the  strong  field  (decoupled)  limit 
(upper  panel)  is  compared  with  the  much  less  asymmetric  P(p)  for  the  zero-field,  i.e. 
the  fully  coupled  adiabatic  limit  (lower  panel). 

4.  Orientation  and  Alignment  of  Symmetric-top  Molecules 

In  the  strong-field  limit  in  which  the  \JKMj)  representation  is  appropriate,  expansions 
for  P(p)  have  been  presented21  for  all  \JKMj)  states  for  Js4.  From  these,  one  can 
evaluate  the  Legendre  moments  P,,P2  etc.  (Of  course,  P,  is  simply  KMj/(J2  +  J)  = 
(cos  0),’  "  for  the  symmetric-top).  Table  4  lists  these  moments  for  all  the  symmetric-top 
states  j  JKMj )  for  which  J  «  3. 
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Table  4.  Legendre  moments  of  P(p)  for  symmetric  tops  (strong  field,  i.e.  decoupled  limit) 


Legendre  moments 

state  - 

\JKMj)  P0  P,  P2  P3  P4  P5  P6  P7  etc. 


Ill) 

1 

1 

2 

1 

10 

0 

0 

0 

0 

0 

222) 

1 

2 

5 

2 

1 

t 

14 

rfe 

0 

0 

0 

221) 

1 

i 

J 

1 

7 

"7 

2 

~~fr$ 

0 

0 

0 

211) 

1 

l 

6 

1 

14 

2 

7 

8 

65 

0 

0 

0 

133) 

1 

3 

4 

5 

12 

1 

6 

1 

22 

1 

132 

1 

1715 

0 

332) 

l 

1 

2 

0 

I 

6 

7 

66 

1 

1 

"555 

0 

331) 

1 

1 

4 

1 

4 

6 

1 

66 

5 

152 

s 

5T2 

0 

322) 

1 

1 

3 

0 

1 

6 

49 

198 

4 

33 

3 

143 

0 

321) 

1 

6 

0 

6 

7 

l9§ 

5 

15 

0 

311) 

1 

1 

12 

3 

56 

6 

1 

198 

25 

132 

75 

575 

0 

In  the  interpretation  of  reactive  asymmetry  experiments  with  oriented  symmetric-top 
molecules,  one  must  take  cognizance  of  the  possible  alignment,  as  well  as  orientation, 
of  the  (state-selected  reagent)  molecules.  Then  one  will  want  to  consider  the  possibility 
of  both  positive  and  negative  alignments  (‘end-on’  vs.  ‘broadside’),  even  with  the  same 
sign  of  the  orientation. 

Fig.  3  shows  three  examples  of  alignments  of  a  molecular  framework:  vertical, 
horizontal  and  magic-angle,  listing  values  of  P,  and  P2 .  At  the  magic  angle,  for  which 
(cos2  0)  =  j,  one  has  P2  =  0,  but  of  course  there  are  two  distinct  (opposite)  orientations, 
i.e.  P,  =  ±l/s/3.  Thus,  the  two  Legendre  moments  P,  and  P2  appear  to  provide  quite 
independent  ‘steric’  information  about  the  ensemble  of  molecules  under  consideration. 
However,  upon  closer  examination,  one  notes  a  tendency  for  a  correlation  between 
them  as  the  classical  limit  is  approached.  Note  that  in  the  limit  of  ‘tight’  precession, 
i.e.  K/_(J2  +  J)l/2— *  1,  there  is  indeed  a  trivial  relationship  between  the  moments: 
P;  =  §PM.  (In  general,  PMP]-\.) 

Fig.  4  illustrates  the  relationship  between  P2  and  P,  for  each  of  the  20  unique  states 
of  interest  up  to  |  JKMj )  =  |444).  The  tight-precession  ‘limiting  parabola’  (above)  is  also 
plotted.  In  general,  the  greater  the  orientation  Pt,  the  greater  the  alignment  P2. 


© 


e 


(a)  vertical 


+ 


P,=  +1  -1 

Pj  x  +1  +1 


(b)  horizontal 


I 

l 


i 

l 


0  0 
-1/2  -1/2 


(c)  magic  angle 


I  54.7° 

y*- 


+I/V3  -1/V3 

0  0 


Fig.  3.  Three  special  cases  of  alignment  of  classical  electric  dipoles  within  a  homogeneous  electric 
field  t  pointing  up,  toward  the  -t-z  direction,  (a )  Vertical  alignment,  ‘up’  vs.  ‘down’ ;  (b)  horizontal 
alignment,  ‘left’  vs.  ‘right’;  (c)  ‘magic  angle,'  i.e.  precessing  in  a  cone  whose  angle  of  generation 
(shown)  is  54.7°,  but  with  ‘up’  vs.  ‘down’  orientation.  Listed  at  bottom  are  the  values  of  P,  and 

P2  for  each  arrangement. 
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Fig.  4.  Plot  of  P2  vs.  P,  for  |  JKMj )  states  of  symmetric-top  molecules  in  strong-field  limit  (values 
from  table  4),  for  J  states  (1  =£/«4):  □,  J  =  1;  O,  J  =  2;  A,  J  =  3;  O,  J  =  4;  K  states  (1 «  K  «/«4) 
as  indicated.  Individual  Mj  states  not  denoted;  however,  they  are  easily  identified  as  follows: 
Mj  =  1  has  smallest  P,  (leftmost),  Mj  =  2  next, . . . ,  Mj  =  4  greatest  P,  (in  each  sequence,  connected 
by  solid  lines).  For  K  =  1  points,  M,  =  1;  dashed  segments  connect  J  =  4, 3,  2, 1  respectively. 
Solid  curve:  ‘limiting  parabola'  P2  -jPi~i-  P|  is  readily  calculated  via  KMj /(}2+J);  P2  from 
Pip)  expansions  in  ref.  (23).  An  explicit  formula  for  P2  is  given  in  ref.  6(b): 

=  [3Mj-J(J  +  l)]-[3K2-J(J  +  l)] 

2  [(2J+\)(2J-\)J(J  +  i)] 


This  is,  in  a  sense,  a  cautionary  note,  since  both  orientation  and  alignment  affect 
reactivity,  and  in  different  ways,  and  thus  the  attribution  of  an  observed  effect  to 
orientation  only  is  simplistic.  [This  problem  has  been  addressed,  in  part,  in  earlier 
papers,  e.g.  ref.  (7),  (14)  and  (15),  using  theoretical  moments  as  input.] 


5.  Inversion  to  the  Legendre  Moments  from  k„,  kx  and  R 

Based  on  the  results  presented  in  section  4,  it  is  evident  that  orientation  distributions 
P(p)  for  a  beam  of  orientated  CH3 1  molecules  (and  the  observable  photofragment 
asymmetry  factors  k(  ,  kx  )  are  strongly  dependent  upon  both  the  f -field  in  the  photodis¬ 
sociation  (and/or  reaction)  zone  and  the  details  of  the  passage  from  the  strong-  to  the 
weak-field  regions.  This  has  been  confirmed  by  experiments.  ,8  I,‘21  Thus  it  will  be 
important  in  the  future  to  determine  directly  the  actual  orientation  and  alignment  of 
the  ensemble  of  molecules  under  study  without  ‘theoretical  prejudice.'  The  present 
inversion  scheme,  going  from  kj,  Kj.  and  R  to  the  moments  P, ,  P2  and  P3  of  the 
distribution  function  P(p),  will  now  be  illustrated  with  examples,  some  from  hypothetical 
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pure  parent-state  beams,  others  for  actual  ensembles  from  oriented  molecule  beam 
experiments. 

For  the  first  example,  we  consider  the  performance  of  the  one-moment  and  two- 
moment  approximations,  using  eqn  (14)  and  (15),  respectively,  for  two  realistic  calculated 
cases.  For  this,  we  use  the  ‘full’  hyperfine  coupling  computations15  of  P(  p)  for  different 
parent  \JKMj)  states  (i.e.  nuclear  spin  of  the  I  and  the  spins  of  the  H  nuclei,  coupled 
with  the  rotational  angular  momentum)  in  the  two  limiting  weak-field  cases:  (a)  sudden 
and  ( b )  adiabatic  approximation. 

Table  2  has  listed  these  calculated  k  values  for  the  experimentally  relevant  parent 
rotational  states,  which  here  form  the  simulated,  error-free,  data  base  for  an  inversion 
exercise. 

Table  5  presents  P,  values,  the  results  of  the  two  ‘one-moment’  approximations  of 
eqn  (14)  and  the  ‘two-moment’  approximation  of  eqn  (15),  compared  with  the  exact  P, 
values  from  table  3,  for  the  fully  coupled  sudden  and  adiabatic  cases.  Of  the  two 
one-moment  approximations,  the  one  employing  k±  data  is  less  affected  by  the  neglect 
of  P2  than  the  one  using  «q  values.  In  practice,  however,  tq  is  much  more  accurately 
measured  experimentally  since,  for  the  iq  configuration,  there  are  fully  resolved  two 
peaks  in  the  TOF  spectrum  (see  fig.  2);  thus,  less  reliable  experimental  information 
comes  from  kl. 

The  goodness  of  the  one-moment  approximation  of  eqn  (14)  can  also  be  portrayed 
graphically.  Fig.  5  is  a  plot  of  the  theoretically  calculated  values  of  k±  vs.  kh  for  the 
state-selected  \JKMj)  parent  states  of  table  5  (i.e.  sudden  and  adiabatic  weak-field 
approximations,  the  fully  coupled  case  corresponding  to  set  2  of  table  3).  Also  plotted 
in  the  fig.  5  is  the  implicit  relation  between  kx  and  iq  demanded  by  the  one-moment 
approximation,  eqn  (14).  Deviations  are  significant,  but  the  correlation  is  quite  evident. 
(This  is  not  the  case  in  the  strong-field,  decoupled  limit.) 

Obviously,  more  reliable  information  on  the  moments  of  the  orientational  distribution 
function  will  require  accurate  experimental  measurements  of  /q,  R  and  k±. 

We  shall  now  apply  the  various  levels  of  the  inversion  approximations  to  the  published 
experimental  data,  on  differently  prepared  orientated  molecule  beams,  usually  parent 
states  \JKMj)  =  \222),  |111>,  as  well  as  the  control  experiments  on  the  unorientated  but 
iX-selected  beams,  identified  as  |22)  or  1 1 1),  measured  under  rather  weak-field  conditions 
(typically  30  Vcm-1,  but  by  no  means  in  the  ‘zero-field’  limit).  Thus,  we  hope  to  learn 
how  these  and  more  accurate  future  experiments  can  be  best  interpreted  in  terms  of 
low-order  Legendre  moments  of  the  P(p). 

Table  6  summarizes  all  the  available  results, 19,21  including  a  reanalysis  of  the  experi¬ 
mental  data  of  ref.  (21),  in  part  to  ascertain  if  more  accurate  moments  could  be  gleaned 


Table  5.  P,  calculated  from  iq ,  k±  using  one-  and  two-moment  approximations,  vs.  ‘exact’  P, 


parent 

sudden 

adiabatic 

1 -moment,  from 

1 -moment,  from 

ststc 

1  JKMj) 

*» 

*x 

moment 

exact0 

K  || 

Kj. 

moment 

exact0 

\222) 

0.247 

0.275 

0.265 

0.272 

0.258 

0.265 

0.262 

0.273 

HID 

0.161 

0.169 

0.167 

0.167 

0.095 

0.100 

0.098 

0.098 

1212) 

0.137 

0.157 

0.150 

0.136 

0.160 

0.125 

0.135 

0.149 

(211) 

0.078 

0.018 

0.024 

0.068 

0.040 

0.038 

0.039 

0.042 

1312) 

0.129 

0.050 

0.063 

0.092 

0.102 

0.081 

0.087 

0.095 

“  For  the  theoretically  calculated  P(p)  values  taking  into  account  both  1  and  H  coupling  (from 
table  3). 
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Fig.  5.  Test  of  one-moment  approximation,  based  on  calculated  results  for  CH31,  taking  into 
account  the  hyperfine  coupling  [ref.  (16)],  in  the  weak-field  limit,  in  both  the  sudden  and  the 
adiabatic  approximations.  The  parent  |  JKMj )  states  are  indicated.  The  coordinates  of  each  point 
are  kj  ,  .  The  solid  curve  is  the  relationship  between  k±  and  implicit  in  the  one-moment 

approximation,  eqn  (14); 

l~«x\  __  1 
1+Kj./  2\1+K||/ 

appropriate  for  the  limiting  case  of  f}  =  2. 

from  the  data.  Each  entry  (beam  no.)  is  for  a  separate  orientation-photofragmentation 
experiment.  Although  there  had  been  some  attempt  at  controlling  the  experimental 
conditions'921  (such  as  state-selection  purity,  correction  for  the  direct  beam  contribution, 
electric  field  strength  in  the  orientation/  photofragmention  region  etc.),  the  experiments 
thus  far  have  been  somewhat  crude.  However,  the  results  are  suggestive  of  the  level  of 
reproducibility  and  accuracy  necessary  to  obtain  a  given  uncertainty  in  the  derived 
orientation  and  alignment  moments.  Clearly,  a  major  concern  in  the  propagation  of 
error  from  the  measurements  (k#,  R  and/or  kx  )  to  the  low-order  moments.  For  example, 
there  can  be  no  physical  interpretation  to  a  non-zero  P,  for  the  |1U>  parent  state,  or 
for  a  significant  alignment  P2  for  the  intentionally  unorientated  |22')  ensemble  etc.  Thus, 
examination  of  the  tabulated  results  provides  information  on  the  ‘leverage’  of  such 
measurements  with  respect  to  the  desired  moments. 

Table  7  summarizes  the  most  reliable  results,  for  P,  and  P2  only,  based  on  reconsider¬ 
ing  the  entire  body  of  experiments  reported  in  table  6.  Once  again,  the  ‘unorientated’ 
molecule  beams  |22)  and  jll)  are  important  benchmarks  to  test  how  well  the  inversion 
procedure  works  for  these  presumably  known  cases,  for  which  P,  and  P2  should  be  zero. 

6.  Discussion  and  Conclusions 

Examination  of  table  7  shows  that  even  the  available  'first  generation’  measurements'9  21 
of  the  asymmetry  of  the  angular  distribution  of  the  polarized-laser  photofragmentation 
suffice  to  demonstrate  certain  facts  about  the  orientation  and  alignment  of  the  molecular 
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beam 

no. 

parent 
state 
|  JKMj) 

K  || 

Kj. 

R 

P, 

i>2 

ref. 

(fig.  no.) 

com¬ 

ments 

i 

1222) 

0.26 

_ 

_ 

0.261 

_ 

_ 

19(1) 

a 

2 

|111> 

0.42 

— 

— 

0.182 

— 

— 

19 (2a) 

a 

3 

1212) 

0.37 

— 

— 

0.204 

— 

— 

19(26) 

a 

4 

|211>+|312> 

0.53 

— 

— 

0.137 

— 

— 

19  (2c) 

a 

5a 

1*222’)* 

0.35 

— 

— 

0.214 

— 

— 

21(3) 

a 

0.35 

0.59 

— 

0.224 

0.023 

— 

21(3) 

b 

0.35 

0.59 

(1.0) 

0.217 

0 

-0.006 

21(3) 

c 

6a 

1*111’)* 

0.53 

— 

— 

0.137 

— 

— 

21(4) 

a 

0.53 

0.61 

— 

0.181 

0.161 

— 

21(4) 

b 

0.53 

0.61 

(1.0) 

0.152 

0 

-0.041 

21(4) 

c 

6a 

liny 

0.49 

— 

— 

0.152 

— 

— 

21(4) 

a 

0.49 

0.57 

— 

0.203 

0.167 

— 

21(4) 

b 

0.49 

0.57 

(1.0) 

0.167 

0 

-0.047 

21(4) 

c 

7 

1212) 

0.37 

— 

— 

0.204 

— 

— 

21(5) 

0,8 

0.37 

0.80 

— 

0.119 

-0.208 

— 

21(5) 

6,  g 

0.37 

0.80 

(1.0) 

0.183 

0 

0.054 

21  (5) 

c,g 

8 

|211>  +  |312) 

0.53 

— 

— 

0.137 

— 

— 

21(5) 

0,8 

0.53 

0.81 

— 

0.104 

-0.118 

— 

21(5) 

b,g 

0.53 

0.81 

(1.0) 

0.128 

0 

0.022 

21(5) 

c,g 

6b 

HD' 

0.96 

— 

— 

0.009 

— 

— 

21(4) 

a,f 

0.96 

0.90 

— 

0.020 

[0.581] 

— 

21(4) 

b,e,f 

0.96 

0.90 

(0.1) 

0.017 

0 

-0.019 

21(4) 

c,f 

0.96 

0.90 

1.03 

0.017 

0.010 

-0.019 

21(4) 

dj 

6  a 

till)' 

0.58 

— 

— 

0.118 

— 

— 

21(4) 

a,f 

0.58 

0.62 

— 

0.166 

[0.023] 

— 

21(4) 

6,  e,f 

0.58 

0.62 

(1.0) 

0.136 

0 

-0.047 

21(4) 

cj 

0.58 

0.62 

1.01 

0.137 

0.003 

-0.046 

21(4) 

dj 

5b 

|‘22’>m 

0.98 

— 

— 

0.005 

— 

— 

21(3) 

a,f 

0.98 

1.01 

— 

-0.013 

[-1.956] 

— 

21(3) 

b,ej 

0.98 

1.01 

(1.0) 

0.003 

0 

0.005 

21(3) 

cj 

0.98 

1.01 

0.83 

0.002 

-0.060 

0.004 

21(3) 

dj 

5  a 

1*222’  >* 

0.38 

— 

— 

0.200 

— 

— 

21(3) 

o,/ 

0.38 

0.61 

— 

0.210 

[0.025] 

— 

21(3) 

b,e,f 

0.38 

0.61 

(1.0) 

0.203 

0 

-0.008 

21(3) 

cj 

0.38 

0.61 

1.06 

0.208 

0.020 

-0.002 

21(3) 

dj 

“  I -moment  approximation,  using  .  '’2-moment  approximation.  c  3-moment  approximation, 
but  fixing  P2  ■  0.  d  3-moment  approximation,  no  restriction  on  P2  .  *  Values  in  brackets  are 
dubious.  f  Data  re-analysed  (see  section  5  and  caption  of  fig.  2;  preferred  results).  *  k(  from  ref. 
( 19).  h  Data  uncorrected  for  direct  beam  contribution.  '  Data  corrected  for  direct  beam  contribu¬ 
tion.  1  Unorientated. 


ensembles  under  observation.  Detailed  analysis  of  the  ‘lineshape’,  Le.  the  S(t)  TOF 
curves  [such  as  that  carried  out  in  ref.  (29)  and  (30)]  is  unnecessary  for  this  purpose. 

It  appears  that  the  first-moment  P, ,  Le.  the  average  molecular  orientation,  can  be 
fairly  well  determined  and,  moreover,  that  the  deduced  values  are  in  fair  accord  with 
the  sudden  approximation  in  the  weak-field  limit.  (Distinction  between  the  sudden  and 
the  adiabatic  is  best  made  on  the  basis  of  the  (111)  parent  state;  see  entries  in  tables  2 
and  3.)  As  pointed  out  already  in  ref.  (19),  the  experimental  *  values  clearly  show  the 
deleterious  influence  of  the  hyperfine  coupling  effect  upon  the  degree  of  orientation  of 
CH3I  in  weak  fields. 
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Table  7.  Summary  of  best  experimental  values  of  Pt  and  compared  to  theoretical  calculations 
(sudden  and  adiabatic)  in  the  weak-field  limit 


parent  - 

Pt 

Pi 

beam 

state 

expert- 

experi- 

no. 

1  JKMj) 

mental" 

sudden 

adiabatic 

mental" 

sudden 

adiabatic 

5  b 

122) 

0.002 

0 

0 

-0.06 

0 

0 

6b 

|U) 

0.01, 

0 

0 

0.01 

0 

0 

1 

5a 

1222) 

l‘222’> 

0.26'’ 

0.21" 

0.27 

0.27 

0.02 

0.056 

0.040 

2 

6  a 

1111) 

1111) 

0.181’ 

0.14" 

0.17 

0.098 

0.00, 

0.016 

0.019 

3 

1212) 

0.20 11 

0.14 

0.15 

— 

-0.028 

-0.019 

4 

1211) 

1312) 

0.14'’“' 

0.07 

0.09 

0.04 

0.10 

— 

0.013 

-0.047 

0.045 

-0.011 

"  Values  from  table  6,  rounded  to  two  significant  figures.  ‘  From  1-moment  approximation  based 
on  tabulated  k,  [data  of  ref.  (19)].  c  Values  from  re-analysed  data  [ref.  (21)].  d  Admixture  of 
|2U)  and  |312)  parent  states,  but  predominantly  (211). 


The  evaluation  of  the  second-moment  P2,  Le.  the  alignment  of  the  molecules,  has 
not  been  accomplished  reliably  in  these  experiments.  The  apparent  values  of  P2  =  -0.06 
for  the  presumably  unorientated  |22>  ensemble  suggests  that  there  was  an  experimental 
problem  in  determining  the  ratio  R  (which  requires  special  attention  regarding  the 
polarizing  optics,  windows  etc.,  not  yet  taken  into  account).  Of  course,  there  is  virtually 
no  leverage  to  extract  a  meaningful  P,  (e.g.  note  in  table  6  the  unphysical  P},  deduced 
for  the  1 11)  state,  for  which  P,  should  be  identically  zero). 

We  return,  then,  to  the  main  question;  namely,  can  we  measure  the  spatial  orientation 
and  alignment  of  an  ‘unknown’  partially  state-selected/ orientated  ensemble  of 
molecules?  The  answer  is  clearly  ‘yes’  for  orientation  and,  very  probably  (in  the  second 
generation  of  experiments),  'yes'  for  alignment. 

This  research  received  financial  support  from  the  National  Science  Foundation  via 
Grant  CHE86-15286,  hereby  acknowledged  with  thanks.  We  thank  Dr  S.  R.  Gandhi 
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the  dependence  of  k  upon  laser  polarization  and  electric  field  strength. 


Appendix 

In  the  treatment  given  in  the  main  body  of  this  paper  (section  2),  a  restriction  was 
imposed  on  the  shape  of  the  photofragment  angular  distribution,  namely,  that  the  p 
parameter  is  fixed  at  2  (prompt  dissociation  and  parallel-type  transition)  so  that  1(0) « 
cos3  0  etc  For  the  experiments  of  ref.  ( 19)  and  (21)  (the  data  base  used  here)  involving 
low-/  states  of  CHjI,  this  is  an  excellent  approximation.  The  ‘valley’  («5%)  between 
the  two  peaks  of  the  doublet  in  the  well  resolved  TOF  spectra  can  be  accounted  for 
entirely  from  the  known  ( >96% )  degree  of  polarization  of  the  laser-beam  polarizer. 

Thus,  for  these  low-/  states,  there  is  <1%  of  any  possible  X’  contribution  to  the 
transition  and,  as  shown  by  the  real-time  experiments  of  ref.  (20),  the  dissociation  is 
clearly  prompt  (Le.  sub-picosecond).  (For  thermal  ensembles  including  high  /  states, 
this  is  not  the  case.) 
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In  general,  however,25  0  may  assume  any  value  within  its  allowed  range  2  »  0  «  -1, 
and  the  present  analysis  needs  to  be  extended  to  deal  with  arbitrary  values  of  0.  In 
what  follows,  we  maintain  the  assumption  of  prompt  dissociation  but  consider  the  0  to 
be  governed  by  the  admixture  of  X  to  ||  components  of  the  transition  dipole  at  the  laser 
wavelength  used,  as  well  as  the  angle  between  the  polarizer  axis  and  the  orientation 
field.  We  make  use  of  (a  rewritten  form  of)  eqn  (30)  of  ref.  (23),  interpreting  0  in  terms 
of  certain  key  angles. 

The  results  thus  obtained  for  the  observable  hemispheric  signals  S*  are  therefore 
0- dependent.  They  are  linear  combinations  of  the  earlier  (0=2)  ones  [see  section  2, 
preceding  eqn  (1)].  Thus,  we  now  have 

s'W.(iiS)s;+(^s;  <ai«) 


One  finds  expressions  for  the  hemispheric  signals  analogous  to  eqn  (7): 


Truncating  at  P4  leads  to  expressions  for  the  k  values,  analogous  to  eqn  (9): 

(  ,  l-l(4+0)P,  +  0P2-7i(0~l)P} 

K"  P  \+l(4+P)P,+0P2+l(p-l)Pi 


*AP) 


1-&8-0)P,-|p2  +  £(2  +  /3)F, 
1+&8 -p)Pt-£p2-&(2+0)P3 


(Alb) 

(A2a) 

(A2i>) 

(A3fl) 

(A3  b) 


Analogous  to  eqn  ( 10),  we  define  the  ratio  R  to  be 

«-[5J'(l8)  +  Sir()3)]/[S:(^)  +  SlO)).  (A4) 

With  this  definition,  one  can  relate  R  to  P2  (analogous  to  eqn  (11),  but  here  with  a 
/3-dependence): 


(1  +  0P2) 

U-'iPPiY 


(A5a) 


Thus, 


J2/0HR-1) 

2  (R  +  2)  ' 


(A5  b) 


Next,  we  evaluate  two  important  ratios: 


1-*»(0)J(4+P)P,+1(P-1)P, 

1  +  k,(/3)=  1  +  pP 2 

1-xAP)  _U*-P)Pi-ji(2+p)P} 
1  +  *AP)=  l-(P/2)P2 


(A6a) 


(A66) 
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Combining  these  results  with  eqn  (A3a),  one  obtains  the  analogue  to  eqn  (12)  for  P, 
and  P3: 

<-> 

It  is  readily  seen  that  eqn  (A1)-(A7)  all  reduce  properly  to  the  analogous  equations  in 
the  main  body  of  the  text  (section  2)  in  the  limiting  case  of  p  —  2  (there  assumed). 

Note  also  that,  if  the  laser  polarization  is  rotated  from  0°  (||  to  z  axis)  to  90°  (X  to 
z  axis),  effectively  converting  p  =  2  to  p  =  -1  [via  eqn  (30)  of  ref.  (23)],  then  eqn  (A3a) 
takes  the  form 


K|(J3  =  -1)  = 


1-IP,-P2+JP3 


' ^  l+lP.-Pj-iPj 

which  is  identical  to  the  right-hand  side  of  eqn  (9b)  in  the  text.  Thus, 

K„(/3  =  -l)  =  KiO  =  2)  (A9) 

as  expected.  [Eqn  (A9)  can  also  be  obtained  directly  from  eqn  (A3).]  However, 
k A  ( p  =  - 1 )  Kg  ( p  =  2).  The  analogy  to  the  (preferred)  one-moment  approximation  of 
eqn  (14)  is  found,  as  in  the  earlier  text  [preceding  eqn  (13)],  by  taking  P2=  P3  =0,  so 


_  2  (±t£\ 

l  +  «ll(/9)  \8-]8Al+«iO)/' 

After  a  little  algebra,  one  obtains  the  one-moment  approximation: 

8  /l  — K,(/m  _  16  /I-k^PA 
4+p)\l  +  Kt(p)J  3(8-/3)\l  +  kAP)J 


3(4  +  0) 


which,  of  course,  reduces  to  eqn  (14)  for  0  =2. 

In  conclusion,  from  a  practical  viewpoint,  if  one  has  independent  knowledge  that 
the  dissociation  is  prompt,  then  it  is  a  relatively  simple  matter  to  use  the  directly  measured 
0  value  (obtained  from  unorientated  molecule  experiments)  together  with  eqn  ( A7)  and 
(A8)  to  evaluate  the  desired  Legendre  moments  P)t  P2  and  P3.  At  the  very  least,  the 
one-moment  approximation,  eqn  (All),  can  be  used  to  estimate  the  first  moment  with 
essentially  the  same  reliability  as  the  special  case  (for  p  =2)  in  the  text,  via  eqn  (14). 

Note  that  more  experimental  information  than  simply  *n,  kl  and  R  could  be  readily 
available,  since  it  is  easy  to  carry  out  experiments  varying  the  laser  polarization  angle. 
It  has  been  pointed  out  by  Gandhi18  that  S(t)  curves  obtained  with  laser  polarization 
set  at  the  magic  angle  eliminate  the  influence  of  P  and  are  governed  entirely  by  the 
shape  of  P(p)  and  the  translational  recoil  energy  distribution.  Experiments  that  measure 
S(r)  TOF  curves  as  a  function  of  the  laser  polarization  angle  [see  eqn  (28a)  of  ref.  (23)] 
can,  in  principle,  yield  the  full  P(p),  not  simply  its  first  few  Legendre  moments. 
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Products’  Angular  Distribution  for  Stereoselective  Reactions 

Simple  Optical  and  Kinematic  Considerations 

I.  Schechter  and  R.  D.  Levine* 
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The  angular  distribution  of  reactive  (and  also  of  non-reactive)  scattering 
has  been  shown  to  provide  useful  insights  into  the  steric  requirements  of 
chemical  reactions.  In  a  simple  optical  model,  the  differential  scattering 
cross-section,  d2trR/d2w,  and  the  differential  orientation-dependent  cross- 
section  d<rR/d  cos  y  are  both  derived  from  a  common  opacity  function.  The 
angle-dependent  line-of-centre  model  has  been  used  to  compute  both  cross- 
sections.  For  the  K+CH3I  reaction  where  the  barrier,  according  to  Bernstein, 
is  a  linear  function  of  the  cosine  of  the  approach  angle,  the  two  differential 
cross-sections  are  closely  related.  Within  the  angle-dependent  line-of-centres 
model  one  can  also  re-examine  the  optical  mode  analysis  of  the  non-reactive 
scattering.  This  suggests  a  reinterpretation  of  the  variable  ‘the  potential  at 
the  distance  of  closest  approach*  as  ‘the  energy  along  the  line  of  centres’. 

With  this  interpretation,  the  systematics  in  the  opacity  functions,  determined 
from  the  observed  non-reactive  scattering,  can  be  simply  accounted  for.  In 
particular,  for  several  reactions  (e.g.  K  +  CHjBr,  K  +  (CH3)3CBrj  the  opacity 
analysis  provides  evidence  for  a  ‘cone  of  non-reaction’  of  a  primarily 
geometrical  nature  reflecting  presumably  the  steric  hindrance  of  the  organic 
group. 

In  the  analysis  of  the  reactivity  of  orientated  molecules  it  has  been  shown 
to  be  necessary  to  distinguish  carefully  between  the  theoretical  steric  require¬ 
ments,  defined  in  the  molecular  frame  and  the  operational  orientation  defined 
in  the  laboratory  frame.  This  distinction  is  readily  implemented  using  a 
kinematic  model.  It  is  thereby  found  that  for  K + oriented  CH3i  the  reactivity 
is  strongly  dependent  on  the  experimental  orientation  for  backwards  scatter¬ 
ing.  This  dependence  diminishes  for  less  backwards  scattering  and  is  practi¬ 
cally  unobservable  for  sideways  scattering.  This  loss  in  selectivity  is, 
however,  of  purely  kinematic  origin:  for  higher  impact  parameters  the 
relation  between  a  given  experimental  orientation  angle  and  the  theoretical 
angle  of  attack  is  one-too-many.  The  kinematic  model  used  incorporates 
an  impulsive  release  of  the  exoergicity  a  la  the  DIPR  model.  The  impulse 
is  not  directed  along  the  old  bond.  A  very  definite  polarization  of  the  KI 
angular  momentum  in  the  direction  perpendicular  to  the  plane  of  reaction 
is  noted. 


Much  recent  effort1'24  has  led  to  a  good  understanding  of  the  concept  of  cone  of 
acceptance  for  activated  chemical  reactions  in  the  thermal  and  hyperthermal  regimes: 
the  steric  requirement  of  the  reaction  is  essentially  determined  by  the  variation  of  the 
height  of  the  barrier  to  reaction  with  the  orientation  of  the  reagents  at  the  barrier.  More 
work  is  required  for  activationless  reactions  such  as25*27  between  ions  and  polar  reagents. 
It  has,  however,  been  proposed24  that  their  steric  requirements  are  due  to  the  orientation- 
dependence  of  the  barrier  in  the  ’effective  potential'  which  is  the  sum  of  the  anisotropic 
long-range  potential  and  the  spherically  symmetric  centrifugal  barrier.  We  mention  as 
an  aside  that  reactions  between  neutral  molecules  are  seldom  activationless.  Examination 
of  polar  plots28  of  the  potential-energy  surfaces  for  such  reactions  show  a  rather  sudden 
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Fig.  1.  Polar  representations  of  the  potential-energy  surfaces  for  K+CHjl  from  ref.  (21).  The 
square  grid  is  14.4  x  14.4  A  and  the  vertical  scale  for  the  potential  spans  1.8  eV.  The  asymptotic 
plateau  is  at  zero,  (a)  The  CH3— I  bond  distance  is  constrained  to  its  equilibrium  value,  (fc)  The 
CH3— I  bond  distance  is  allowed  to  vary  (at  a  given  R  and  y,  cos  y-r  -  R)  until  the  minimal 
value  of  the  potential  is  reached.  For  further  examples  of  such  relaxed  potentials  see  ref.  (28). 


onset  of  (typically,  quite  anisotropic)  chemical  forces  which  determine  the 
stereochemistry.  Using  realistic  but  approximate  potentials2129-30  an  example  of  such 
polar  plots  for  the  canonical  reaction1,31'34 

K  +  CH3I  -►  KI  +  CH3 

is  shown  in  fig.  1.  For  this  and  other  reactions,  the  long-range  anisotropic  potential  has 
the  form24-35 

V( R)  =  C„i  1  +  Ke„P2( cos  y  )]/T 6  +  C,  cos3  y /T7  ( 1 ) 

where  «,»  contains  both  inductive  and  dispersive  contributions  md  is  typically  of  the 
order  of  O.l.24  Hence  the  long-range  R  6  potential  term  is  not  very  anisotropic. 
Moreover,  and  unlike  the  conclusions  of  ref.  (22),  this  term  cannot  distinguish  the  two 
ends  of  the  CH31  molecule.  The  reason  is  that  P2(cos  y)  =  P2[cos  (ir-y)]  so  that  the 
resulting  effective  potential  barrier  is  symmetric  about  the  molecular  centre  of  mass.  It 
is  only  the  quadrupolar  R  7  term  that  has  an  asymmetric  dependence.  For  neutral 
molecules  the  quadrupole  moments  are  seldom  large  enough  to  make  this  term  significant. 
Hence  for  the  K+CHjl  system  (which  is  known34  to  have  an  activation  barrier),  the 
stereochemistry  is  determined  primarily  by  the  orientation  dependence  of  the  barrier 
owing  to  the  system-specific  chemical  forces. 
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A  fuller  understanding  of  the  steric  requirements  of  reactive  collisions  must,  however, 
await  the  solution  of  at  least  three  problems.  The  first  is  that  of  kinematic  rotation.  The 
theory  specifies  the  cone  of  acceptance  in  terms  of  the  relative  orientation  of  the  reagents 
at  the  barrier.  Experimental  results  (and  intuitive  understanding)  refer  to  the  orientation 
of  the  well  separated  reagents.  It  is  an  essential  (but  sometimes  overlooked)  point  that 
the  term  ‘orientation’  has  two  different  technical  definitions  in  the  two  preceding 
sentences.  The  potential  energy  is  a  function  of  the  coordinates  of  the  atoms.  The 
barrier  will  therefore  depend  on  the  orientation  as  defined  in  the  molecular  framework. 
In  other  words,  it  will  depend  on  the  angle  between  the  coordinates.  Two  possible 
angles  that  have  been  used  are  a  and  y,  which  are  the  angle  between  the  old  and  new 
bond  and  the  angle  between  the  approach  direction  and  the  reagent  axis,  respectively, 
cos  a  =  f'f ,  where  r  and  r'  are  the  old  and  new  bond  coordinates  (and  the  carat  denotes 
a  unit  vector),  and  cos  y  =  r  •  R,  where  R  is  the  vector  from  the  reagent  centre  of  mass 
to  the  attacking  atom.  Experiments  are  carried  out  in  the  laboratory  framework.  Hence 
the  orientation  is  specified  with  respect  to  some  space-fixed  axis.  Both  the  use  of  an 
inhomogeneous  electrical  field  to  orient  the  reagent7  and  the  use  of  lasers  to  align  the 
reagent”  specify  the  distribution  of  the  molecular  axis.  In  a  molecular-beam  experiment 
one  can  also  specify  the  (rather  sharply  peaked)  distribution  of  the  relative  velocity  If. 
The  orientation  of  the  reagents  is  thus  defined  in  terms  of  the  angle  p,  z  =  cos  p  =  t-  k, 
where  k  is  a  unit  vector  in  the  direction  of  R.  It  is  important  to  note  that  it  is  not  only 
for  purely  experimental  reasons  that  the  angle  p  is  distinguished.  Even  in  the  absence 
of  any  forces,  i.e.  for  purely  kinematic  reasons,  the  angles  a  and  y  will  change  with 
time  in  the  course  of  the  motion.  We  are  so  used  to  thinking  about  collinear  collisions, 
when  a  =  y  =  p,  that  we  sometimes  fail  to  note  that,  for  finite  impact  parameters,  a 
whole  range  of  y  or  a  values  corresponds  to  a  particular  value  of  p.  The  higher  the 
impact  parameter,  the  weaker  is  the  correspondence  between  the  experimental  and 
theoretical  definitions  of  ‘orientation’. 

It  is  important  to  emphasize  that  the  ‘smearing’  of  the  theoretical  orientation  in 
higher-impact-parameter  collisions  is  a  purely  kinematic  effect  which  occurs  even  in  the 
absence  of  any  forces.  The  simplest  way  to  account  for  this  aspect  is  by  a  Monte  Carlo 
simulation.38  39  We  have  previously  discussed  this  in  some  detail39  and  will  here  provide 
an  explicit  illustration  involving  the  apparent  reduction  in  steroselectivity  in  the  K  +  CH 3I 
reaction  for  non-backwards-scattered  Kl. 

Over  and  above  the  purely  kinematic  problem  of  relating  the  experimental  and 
theoretical  orientations,  there  is  a  dynamical  problem.  The  anisotropic  long-range  forces 
and  the  anisotropy  of  the  chemical  interaction  can  ‘rotate’  such  vectors  and  v  ort  r 
whose  direction  is  otherwise  conserved.  The  effect  of  such  ’reorientation’  has  been 
discussed  by  several  authors. 810"'2’15'1920  In  some  models  it  is  even  assumed  that  the 
anisotropic  forces  are  strong  enough  in  the  energy  range  of  interest  to  specify  the 
orientation  at  the  barrier  in  a  manner  largely  independent  of  the  initial  experimental 
orientation.  It  appears  to  us  that  while  reorientation  is  no  doubt  important  at  low 
collision  energies,  its  effect  does  diminish  at  higher  energies.  Trajectory 


computations 


indeed  establish  a  fairly  close  correspondence  between  the  orienta¬ 


tions  at  the  barrier  and  as  initially  selected.  The  prime  reason  for  loss  of  experimental 
orientation  appears  to  us  to  be  kinematic  rather  than  dynamic,  at  all  but  the  lowest 
energies. 

For  low-energy  collisions  there  is  now  clear  computational  evidence42'43  that  for  the 
same  mass  combination  (e.g.  O+HCl,  C1  +  HC1),  modification  of  the  longer-range 
potential  while  maintaining  roughly  the  same  barrier  functionality,  can  lead  to  different 
dynamics.  It  is  thus  of  interest  to  be  able  to  assess  simply  the  importance  of  reorientation 


t  In  quantum  mechanics  there  will  always  be  a  distribution  of  f  values.40,41  Even  so,  t  is  conserved  along 
any  classical  trajectory  for  a  spherical  potential. 
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effects.  Loesch19  has  shown  how  this  can  be  done  for  b  =0  collisions  using  only  two 
coordinates  ( R  and  y).  Using  the  same  two  coordinates,  wels  have  shown  how  it  can 
be  done  also  for  b*  0.  Our  approach  is  not  equivalent  to  that  of  Loesch  and  we  are  in 
the  process  of  comparing  our  approximation15  to  the  results  of  exact  trajectory  computa¬ 
tions. 

The  third  aspect  where  further  work  is  required  is  the  role  of  reagent 
rotation. 3-15-'’-44-4*  gven  for  unexcited  reagents  this  may  be  induced  by  the  anisotropic 
forces,  but  even  the  purely  kinematic  implications  of  higher  initial  rotational  angular 
momenta  need  be  better  understood. 

The  discussion  has  so  far  centred  attention  on  the  dependence  of  the  reactivity  on 
the  orientation.  Mathematically,  this  dependence  is  given  by  the  partial  or  differential 
reaction  cross-sectiont  dtrR/d  cos  p  such  that8 

trR=|  d<rR/dz)dz  (2) 

where  z  =  cos  p.  The  differential  cross-section  is  an  integral  over  the  opacity  function 
for  a  given  orientation 

dcrvJdz  =  2'n  [  bP(b,z)db.  (3) 


One  could,  instead,  integrate  over  z  first,  leading  to  the  familiar  opacity  function 


P(b) 


=  J  P(b, 


z)  dz 


(4) 


which  has  the  interpretation  of  the  reaction  probability  for  unoriented  reagents.  Integra¬ 
tion  of  P(b)  over  d(nb2)  then  leads  to  <rR: 


or 


-r 


P(b)  d(irf>2). 


(2') 


One  has,  therefore,  two  routes  from  P(b,  z),  the  reaction  probability  at  a  given  b 
and  orientation,  to  <rR.  The  first  is  to  integrate  first  over  b  and  then  over  z,  going  through 
<rR(z)  as  the  intermediate  concept.  The  second  route  is  to  integrate  over  z  leading  to 
P(b)  and  then  to  integrate  over  b.  In  schematic  outline 


P(b,  z) 

P(b) 

h 

h 

d<rR/dz  — — 

Or 

The  first  route  has  received  much  recent  attention,  as  already  discussed.  For  some 
reason,  the  second  route  has  been  somewhat  neglected.  This  is  perhaps  due  to  the 
opacity  function  P(b)  having  gone  out  of  fashion.  One  needs  to  average  over  all 
orientations  in  order  to  get  P(b).  However,  part  of  the  motivation  for  being  interested 
in  stereoselectivity  is  to  understand  better  the  reason  for  the  magnitude  of  the  reactivity 
of  unoriented  reagents.  Indeed,  the  very  early  measurements  by  Greene  and  Ross  and 
co-workers  of  values  of  P{b)  below  unity  were  interpreted32-49"51  as  indirect  proof  for 
stereoselectivity.  We  shall  discuss  these  pioneering  results  in  more  detail  below.  It  will 
be  shown  that  the  systematics  noted32-50  in  the  P(b)  obtained  from  the  analysis  of  angular 


t  Rather  than  p  we  could  uie  y  at  the  variable.  The  whole  point  I  above  is,  however,  that  <r„(z)  is  not 
necessarily  equal  to  <r*(cos  y). 
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distribution  of  non-reactive  scattering  can  be  accounted  for.  In  particular  these  tend  to 
support  the  general  trends  in  the  orientation  dependence  of  the  barrier  to  reaction.  A 
cone  of  ‘non-reaction’  due  to  steric  hindrance  can  also  be  inferred  from  the  results  for 
K  +  CHjI  and  other  reactions  [e.g.  K+CH3Br,  K.+(CH3)3CBr],  where  such  hindrance 
is  to  be  expected  on  classical  stereochemical  grounds. 

The  opacity  function  also  serves  as  a  useful  guide  to  the  angular  distribution  of  the 
products."’2"54  For  the  canonical  K  +  CH3I  reaction  we  shall  see  below  that  even  the 
simplest  optical  model  generates  quite  realistic  angular  distributions  of  the  reactively 
scattered  KI  product  from  the  orientation  dependence  of  the  barrier  to  reaction,  using 
P(b )  as  a  link  between  the  two. 

The  optical  model  analysis  suggests  that  there  is  a  very  useful  route  from  the  steric 
requirements  of  the  reaction  to  the  angular  distribution  of  unorientated  reagents.  The 
latter  is  available  for  a  number  of  reactions  and  exhibits  clear  systematics.7  52’55  Some 
of  these  can  be  readily  understood  using  the  reduced  variable49  56  (‘the  energy  along 
the  line  of  centers’)  ET(\-b2/d2).  It  is  therefore  of  interest  to  further  probe  this 
connection.  We  do  so  using  a  DIPK.57'64  model  modified  as  described  below.  The  nature 
of  the  modification  is  that  the  repulsive  impulse  delivered  past  the  barrier  is  taken  to 
be  directed  not  necessarily  along  the  old  bond.  We  suggest  that  the  need  for  this 
modification  can  be  seen  already  from  earlier  studies59,61  of  the  K.  +  CH3I  reaction  using 
the  DIPR  model. 

The  experimentally  measurable  [e.g.  ref.  (65)]  double  differential  cross-section 
dVj,/d2wdz  cannot,  however,  be  computed  using  only  the  optical  model.  The  reason 
is  the  previously  mentioned  kinematic  rotation  relating  the  orientation  variables  p  and 
y,  z  —  cos  p.  The  equivalence  p-y  is  only  strictly  valid  for  b  =  0.  At  other  b  values  one 
needs  to  establish  a  correspondence  between  the  two  in  order  to  relate  d  VrR/d2wd  cos  y, 
which  can  be  computed  in  the  optical  model  to  the  measurable  dVR/d2w  d  cos  p.  One 
further  requires  a  correspondence  from  b  to  the  scattering  angle.  For  off-collinear 
configurations  at  the  barrier,  this  is  not  a  simple  relation.  Hence  we  compute  dVR/d2  w  dr 
by  incorporating  the  modified  DIPR  assumption  into  the  kinematic  approach.  This 
turns  out  to  be  a  very  natural  refinement  which  does  not  complicate  the  kinematic 
approach,  but  enables  it  to  provide  realistic  products’  angular  distributions  for  collisions 
of  orientated  (or  unorientated,  as  the  case  may  be)  reagents.  In  particular,  we  recover 
the  observed65  trend  towards  reduced  ‘reactive  asymmetry’  as  the  products  are  monitored 
for  less  backwards  directions  in  the  K  +  CH3I  reaction.  The  reduction  is  therefore  largely 
due  to  the  purely  kinematic  effect  that  at  higher  b  values  the  relation  between  z  and  y 
is  one-too-many. 

To  avoid  confusion  between  the  many  angles  used  in  this  paper  we  list  below  the 
four  most  common  ones  together  with  a  short  description: 
bend  angle  at  the  barrier:  cos  a  =  f  •  f 
theoretical  orientation  angle:  cos  y  =  f-R 
experimental  orientation  angle:  z  =  cos  p  =  ?■  k 
scattering  angle:  cos  0  =  k'  •  k. 

Opacity  Analysis 

In  the  angle-dependent  line-of-centres  model,5"7  reaction  occurs  with  unit 
( i.e.  P(b,y)=l)  whenever  the  energy  along  the  lines  of  centres  exceeds 
height,  V'fctcos  y),  at  the  separation  d 

ET(\-b2/d2)*  Vb(cos  y). 

The  angle-averaged  opacity  function 

P(b,Er)  =  \\  P(b,  y)dcosy 


probability 
the  barrier 

(6) 

(7) 
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is  thus  the  fraction  of  the  range  (-1  to  1)  of  cos  y  for  which  condition  (6)  is  satisfied. 
Whatever  the  angle  dependence  of  the  barrier  may  be,  it  is  clear  that  P(b,  Er)  is  not  a 
function  of  b  and  ET  separately  but  only  a  function  of  the  variable  E'y 

EVSET(l-&7d2)  (8) 

which  is  the  kinetic  energy  along  the  line  of  centres,  at  the  barrier. 

In  the  quite  common  case  when  the  barrier  is  lowest  for  a  coilinear  configuration 
(cos  y  =  1),  and  monotonically  increases  with  decreasing  y, 

P(b,  Et)  ^  P(Ey)  =  3 { 1  +cos  [y(EV)]}.  (9) 

Here,  y(Ey)  is  the  solution  of  the  implicit  equation  of 

£t=  Vb(cOS  "y )|( ■>•=  y( Et>  (10) 

and  eqn  (9)  is  derived  by  performing  the  integral  in  eqn  (7)  over  the  range  cos  y(Ey) 
to  unity  for  which  P(b,y)>0. 

Following  Beck  et  a/.40  [in  particular,  their  eqn  (22)],  we  could  also  write  the  opacity 
function  as  a  function  of  the  barrier  height  Pb(E'r)  =  Pb(  Vb).  Note,  however,  an  essential 
difference.  In  the  angle-dependent  line-of-centres  model  ‘  variation  of  Vb  is  entirely 
due  to  the  angle  dependence  of  the  barrier.  In  the  optical  model  of  Beck  et  al,  the 
entire  variation  of  the  barrier  [denoted  V(y),  where  y  is  the  relative  separation,  in  ref. 
(49)  and  subsequent  studies],  is  due  to  a  variable  distance  of  closest  approach.  In  our 
kinematic  model’9  (and  also  later  below)  we  do  allow  the  location  d  of  the  barrier  to 
vary  with  y.  For  many  reactions,  however,  this  is  a  secondary  correction.  The  primary 
variation  of  the  barrier  is  due  to  its  orientation  dependence  at  roughly  constant  distance. 
The  work  of  Evans  et  al.'1  has  established  a  useful  correction  for  a  non-spherical  barrier 
in  terms  of  an  anisotropy  parameter  y. 

The  opacity  function  (9),  when  plotted  vs.  b  at  constant  ET  is  monotonically 
diminishing  with  a  cut-off  at  bma„ 

Er(l-bLjd2)=  Vb(cosy  =  -l).  (11) 

Note  that  at  impact  parameters  at  just  below  bm,%  only  essentially  coilinear  configurations 
lead  to  reaction,  whereas  near  b  =  0  the  entire  range  of  angles  from  cos  y  =  ~l  down 
to  Er  =  Vb(cos  y)  can  lead  to  reaction.  In  other  words,  cos  y(E'T)  is  the  opening  (half) 
angle  of  the  cone  of  acceptance  for  reaction  at  the  impact  parameter  b  and  initial  kinetic 
energy  ET.  When  P(E'y)  is  integrated  over  b  to  yield  crK{Er),  it  is  found6  that  P(E'T  = 
Ey)  =  P(Ey,  ft  =  0)  =  [l+cos  y(£T)]/2  plays  the  role  of  the  ‘steric  factor’,  i.e. 

&r(Et)=  P(Et,  b  =  0)(l  -(Vb(cos  y))/ET)  (12) 

where  (VJcos  y))  is  the  angle-averaged  barrier  height. 

Fig.  2  shows  the  opacity  function  vs.  b  at  four  collision  energies  for  the  K  +  CH,I 
reaction.  The  barrier  functionality  is  the  linear  one, 

Vh(cos  y)  =  V0+  V,(l  +cos  y)  (13) 

derived  by  Bernstein”  on  the  basis  of  the  experimental  results  on  the  reactive  asymmetry 
by  Parker  et  a/.,**  which  were  at  an  energy  of  3.1kcalmor'.  A  similar  functional 
dependence  of  Vb  on  cos  y  is  found  for  the  potential-energy  surfaces  shown  in  fig.  1. 
These  surfaces  provide  one  very  important  additional  insight:  the  functional  form  (13) 
is  valid  only  up  to  a  barrier  height  of  ca.  3  2  kcal  mol"1.  For  values  of  cos  y  below  ca. 
0.65  the  barrier  height  is  de  facto  infinite.  [See  e.g.  fig.  2(a)  of  ref.  (21).]  In  principle 
one  should  distinguish  between  tb'  dependence  of  the  barrier  on  the  angle  y,  cos  y  =  ?•  R 
and  on  the  angle  a,  cos  a  =  f  •  Owing  to  the  high  mass  of  the  I  atom  this  distinction 
is  of  less  importance  in  the  present  system.  Note,  however,  that  our  angle  y  is  complemen¬ 
tary  to  the  one  used  in  ref.  (6),  (7)  and  (13),  hence  the  difference  in  sign  in  eqn  (13). 


I.  Schechter  and  R.  D.  Levine 


7 


Fig.  2.  The  opacity  function  for  K  +  CH3I  computed,  for  a  barrier  linear  in  cos  y  [cf.  eqn  (13)] 
up  to  Vb  =  0.139  eV  (corresponding  to  cos  y  =  0.8)  and  infinitely  high  thereafter,  at  four  collision 
energies:  (a)  0.062  eV,  (6)  0.1  eV,  (c)  0.135  eV,  (d)  0.15  eV.  For  £T3*0.139eV  P(b)  will  show 
saturation.  A  more  realistic  barrier  functionality  will  presumably  be  smoother  and  hence  the 
break  will  be  rounded.  Compare  with  fig.  17  of  ref.  (69). 


The  collision  energies  chosen  for  plotting  fig.  2  are  in  the  range  covered  in  the  early 
non-reactive  scattering  experiments  of  Airey  el  at.67  Their  results  were  subjected  to  an 
optical  model  analysis32'49’50  to  yield  the  opacity  function  for  reaction.  Additional  results 
are  due  to  Harris  and  Wilson.51  The  lowest  energy  also  corresponds  to  the  experiments 
of  Kinsey  el  a/.54  The  functional  form  (21)  for  the  barrier  accounts  well  for  the  trends 
in  the  observed  results:  At  energies  just  past  the  threshold  the  steric  factor  is  quite  low 
( e.g. 54,54  ca.  0.6 at  1 .44  kcal  mol  ')  and  increases  with  energy.  P{ b,  £T)  remains,  however, 
below  unity  even  at  higher  energies.  In  other  words,  there  is  a  cut-off  to  the  increase 
of  the  steric  factor  with  increasing  collision  energies.  The  declne  of  P(bET)  with 
increasing  b  is  not  sharp  but  occurs  over  the  entire  range  of  b  values.  The  cut-off  impact 
parameter,  bmw,  where  P{  b,  Er)  declines  to  zero  initially  increases  with  £T.  The 
dependence  of  bmaK  on  ET  can  be  computed  readily,  since  for  a  linear  barrier  function 
the  explicit  solution  of  eqn  (10)  is  trivial,  cos  y(E!r)+ 1  =  (E'T)  =  EY-  V0)/  V,  or 

P{b,  £t)  =  P{E'y-  V0)/2  V,  (14) 

and 

bL*  =  d2({l-  VJEt).  (15) 

Eqn  (14)  and  (15)  are  only  valid  for  £T  up  to  3.1  kcal  mol1,  which  is  the  limit  of 
the  known  validity  of  the  linear  barrier  form  (13).  We  can  use  the  theoretical  potential- 
energy  surfaces  (and  the  observed  cone  of  non-reaction  which  corresponds68  to  cos  y  = 
0.6)  to  conclude  that  for  cos  y  somewhere  past  0.6  the  barrier  dependence  will  rise 
sharply.  Hence  for  ET  values  above  ca.  3.2  kcal  mol-’,  the  maximal  opening  angle  y(£Y) 
will  no  longer  increase  with  ET.  Fig.  3  shows  a  plot  of  P(EY)  and  of  y(EY)  os.  £Y, 
demonstrating  the  onset  of  saturation. 

The  conclusion  that  P(b,  ET)  will  rise  linearly  with  E'r  (with  a  constant  slope  = 
1/2  V,  =  1/2.7  mol  kcal  '1  and  then  reach  a  plateau  is  borne  out  by  the  plots  of  Airey  et 
al.  [fig.  10  of  ref.  (67)).  Even  the  value  of  P(\  £T)  at  the  plateau,  expected  from  our 


8 


Stereoselective  Reactions 


Fig.  3.  The  opacity  function  for  K  +  CH,I  plotted  vs.  the  energy  E'r  along  the  lines  of  centres, 
Et=  £t(1  -  b2/ d2).  For  a  given  collision  energy  the  plot  terminates  at  E\  =  £T  [shown  as  arrows 
for  the  energies  used  in  fig.  2  and  (e)  0.29  eV].  Compare  with  fig.  17  of  ref.  (69)  and  with  fig.  19 
of  ref.  ( 50)  for  K.  +  CH3Br.  Also  shown  is  the  maximal  angle  of  the  cone  of  acceptance  for  reaction. 

Note  the  saturation  for  ET»  0.139  eV. 

considerations  to  be  at  ca.  (l  +  0.7)/2  =  0.85  is  in  agreement  with  experimental  results. 
Note,  however,  that  the  optical  model  assumes  that  every  trajectory  that  can  cross  the 
barrier  will  proceed  to  react.  For  the  K+CHjl  reaction  there  is  evidence  from  trajectory 
computations30  that  at  higher  energies  trajectories  can  recross  the  barrier.  Hence  at 
higher  values  of  E'r,  P(E’T)  should  be  regarded  as  the  probability  of  crossing  the  barrier 
rather  than  as  the  probability  of  reaction.  It  is  interesting  to  note  [e.g.  fig.  16  and  18  of 
ref.  (69)]  that  many  other  reactions  show  levelling-off  of  the  P(EV)  vs.  EV  plots.  At 
the  EV  value  where  P(£V)  becomes  virtually  saturated,  it  is  equal  to  (1  +cos  ymax)/2, 
where  is  de  facto  the  maximal  opening  angle  of  the  cone  of  acceptance.  The  results 
of  the  optical-model  analysis  of  experimental  non-reactive  scattering  [fig.  18(c)  of  ref. 
(69)  in  particular]  show  clearly  that  the  larger  the  steric  hindrance,  the  lower  is  the 
value  of  P(E V)  at  the  onset  of  saturation.  [Note  in  particular  the  large  steric  hindrance 
for  (CHj)jCBr.]  Hence  the  conclusions  that  a  ‘geometrical  maximal  angle'  for  reaction, 
experimentally  uncovered  for  K  -i-CHjI,**'68  will  also  be  observed  for  many  other  systems. 

Analysis  of  potential-energy  surfaces  has  also  suggested29  that  such  steric  hindrance 
will  be  the  case  e.g.  for  the  O  +  HCl  and  C1+HC1  reactions.  Here  the  bulky  Cl  group 
geometrically  precludes  the  approach  of  the  reagent  over  much  of  the  angular  ranch. 

In  general,  a  plot  of  P(EV)  vs.  E'j  will  show  a  threshold  corresponding  to  the  lowest 
value  of  E’t  for  which  reaction  is  possible.  From  eqn  (6),  this  corresponds  to  6  =  0 
collisions  and  the  threshold  energy  is  minimal  value  of  Vb(cos  y).  If  the  barrier  is  lowest 
for  collinear  attack  and  increases  monotonically  thereafter,  the  threshold  is  at  E0  =  Vb(  1 ) 
and  the  maximal  possible  impact  parameter  that  can  lead  to  reaction  is 

b2m  =  b2(l-E0/ET).  (16) 

Roberts5*  has  derived  the  EV  dependence  of  the  opacity  function  from  considerations 
based  on  an  imaginary  component  for  the  elastic  scattering  potential.70  When  the 
imaginary  (the,  so-called,  optical)  potential  is  well  localized  in  space,  P(6,  £T),  will  be 
a  function  of  E'j.  Such  a  localized  optical  potential  was  shown71  to  reproduce  the 
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energy  dependence  of  the  reaction  cross-section  for  K.+CH3I.  The  picture  of  a  localized 
optical  potential  is  consistent  with  the  line-of-centres  model  where  the  decision  whether 
reaction  takes  place  is  taken  at  the  barrier.  When  the  opacity  is  a  function  of  E  'T  one 
can  replace  the  integration  in  eqn  (4)  over  b  by  an  integration  over  Ej,dE'T  = 
Et  d(b2/  d2).  Hence  from  eqn  (3’)  one  obtains  for  the  yield  function70,72,73  the  following 
form:56 

ET(TR  =  nd2  f  '  P(E'T)dE'T.  (17) 

Je0 

This  enables  one  to  ‘invert'  the  translational  energy  dependence  of  crR  to  obtain  the 
opacity  function56 

p(ET)  =  ^(ET<rR/rrd2)\E^Ei.  (18) 

The  translational  energy  dependence  of  crR  for  K+CHjl  and  for  Rb  +  CH3I  has 
been  directly  measured.16,  4,75  In  addition,  it  has  been  indirectly  obtained51,69  from  the 
optical-model  analysis  of  non-reactive  scattering.  There  have  also  been  numerous 
trajectory  and  model  studies30,53,71,76’83  of  this  dependence.  The  possibility  of  recrossing 
the  barrier  at  higher  collision  energies  back  into  the  reagents  region10,30  implies  that  eqn 

(18)  cannot  be  used  well  past  the  barrier.  In  the  immediate  post-threshold  regime  one 
can  use  for  the  yield  function  the  ubiquitous  form73,83 

ErcrK  =  ird2A(ET-Eoy-'  (19) 

where  A  is  a  combination  of  constants.  (It  is  k2crR  which  is  dimensionless,7  where  k  is 
the  wavevector  corresponding  to  £T).  Using  eqn  (18),  this  leads  to56 

P(£t)  (0;  otherwise  (20) 

or,  equivalently, 

P(b,ET)  =  sA(Er-E0y-'(l-b2/b2m„y-'.  (21) 

The  linear  barrier  case  as  previously  discussed  corresponds  to  s  =  2.  A  steeper  depen¬ 
dence  of  Vb  (cos  y)  on  cos  y,  say 

Vb(cosy)  =  Vo+K.d+cosy)"  (22) 

lead  to  eqn  (20)  with  V„=  E0  and  s-\  =  \/n.  A  parabolic  dependence  on  1-cos-y 
would  yield  exactly  s  =  3/2.  The  values  of  s  reported  by  Roberts56  from  a  fit  of  eqn 

( 19)  to  various  trajectory  results  range  from  5/4  to  2. 

The  plot  of  P(  £  V)  us.  £  V  shown  in  fig.  3  corresponds  to  s  =  2  up  to  £  V  =  3.2  kcal  mol " 1 . 
The  saturation  seen  therein  is  due  to  the  rather  sudden  onset  of  very  high  barriers  to 
reaction  for  cos  y  below  -0.6  or  so.  One  could  mimic  this  behaviour  using  eqn  (20) 
with  s  just  above  unity.  (Roberts56  finds  s  =  1.25  for  the  trajectory  computations10  of 
K  +  CHjI).  The  rather  clear  geometrical  interpretation34,68  of  the  change  in  the  behaviour 
of  Vb(cos  y)  due  to  steric  hindrance  by  the  CH3  group  appears  to  us  to  be  preferable. 
In  other  words,  the  inversion  (18)  must  be  handled  with  care. 

The  angular  distribution  of  reactive  scattering  for  rebound  reactions7  has  been 
thoroughly  discussed  by  Herschbach  and  co-workers52,54  84  and  by  Hardin  and  Grice.53 
The  one  new  point  is  that  the  input  opacity  function  as  used  here  takes  into  consideration 
the  steric  requirements  of  the  reagents. 

Starting  from  d<rR/d(jrb2)  =  P{b)  one  obtains7,52’54 

d2oR/d2  w  =  [d(  irb2)  d  2w)]P(b) 

=  (d2<r°/d2H>)P(fe). 


(23) 
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Fig.  4.  Polar  plots  of  (a)  dcrR/d  cos  y  (the  reactivity  as  a  function  of  orientation)  and  ( b )  d2aR/d2w 
(the  angular  distribution  of  reactive  collisions)  kfor  K.  +  CH3I  at  £T  =  0.135  eV.  In  these  plots  the 
distance  from  the  origin  is  the  magnitude  of  the  relevant  cross-section,  and  the  polar  angle  is  p 
or  y,  respectively.  The  plots  are  normalized  to  unity  in  the  backwards  direction.  Note  the  similarity 

of  the  two  polar  plots. 


Here,  d2a°/d2w  is  the  angular  distribution  computed  for  the  assumed  trajectories,  which 
give  rise  to  a  mapping  from  the  initial  b  to  the  final  scattering  angle.  If  that  relation  is 
one-too-many  (or,  more  than  one),  l.  e  right-hand  side  of  eqn  (20)  contains  a  sum  over 
all  b  values  that  leads  to  a  scattering  into  a  given  final  angle.  Since  our  interest  here  is 
in  the  qualitative  features  we  shall  make  the  simplest  assumption,  that  of  hard-sphere 
scattering,  whence7  d2<r'7d2w  =  d2/4,  and  the  scattering  angle  0  is  related  to  b  by7 

b(0)  =  dcos(0/2).  (24) 

The  justification  for  this  assumption  for  the  K  +  CH,I  reaction  in  particular54  and  for 
other  reactions  has  been  discussed  before. 52,84  Hardin  and  Grice53  provide  a  more 
accurate  procedure.53  Since  we  shall  have  to  return  to  this  topic  below  for  the  kinematic 
transformation  from  y  to  z  we  shall  then  refine  also  the  angular  aspects  of  the  scattering. 
Here  we  use  eqn  (24)  which,  together  with  eqn  (23),  leads  to  the  simple  result 

d2or*/d2w  =  (d2/4)P[fc(0],  Ft] 

=  (d2/4)P[E'T(9)].  (25) 

For  the  case  of  a  linear  barrier,  eqn  (13),  we  have,  using  eqn  (14),  the  explicit  result 

,0  f(</2/4)(£T(l  -  cos  0)-2Vo)/4V)\  sinJ«?/2  )*V0/Er. 

d  <7r/o  w  =  |0;  Otherwise 

This  simple  result  accounts  for  the  essentially  linear  decline  of  the  observed85,86 


(26) 
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Fi*.  5.  As  in  fig.  4  for  the  lower  energy  Er  =  0.062  eV. 


angular  distribution  from  its  value  in  the  backwards  direction.  It  also  predicts  a  cut-off 
in  the  forward  direction.  For  V0  =  J.76kcal  mol"1,  the  cut  off  is  at  0  ca.  60°  [cf.  e.g.  with 
fig.  9  of  ref.  (86)]. 

A  polar  plot  of  d2crR/d2w  computed  using  eqn  (26)  at  ET  =  3.1  kcal  mol"*  is  shown 
in  fig.  4(a).  This  is  to  be  compared  with  the  plot  of  the  observed  result,  fig.  2  of  ref. 
(33).  This  computation  is  compared  in  fig.  4  with  a  polar  plot  of  dcrR/d  cos  y.  For  a 
linear  barrier  functionality,  we  have  using  eqn  (4)  and  (13) 

d<r„/d  cos  y  *  jnd2[  1  -  V„(cos  y)]/ET 

The  similarity  in  the  two  plots  shown  in  fig.  4  is  also  evident  in  the  comparison  of 
the  two  experimental  results.  [Cf.  e.g.  fig.  2.18  and  3.25  of  ref.  (7).]  The  two  plots  show, 
however,  quite  distinct  aspects,  and  their  startling  similarity  is  indeed  somewhat  acciden¬ 
tal  and  reflects  the  special  properties  of  a  linear  barrier  function.  In  the  polar  plots 
both  dog/dcosy  and  d  aR/d  cos  0  are  normalized  to  unity  at  the  maximum.  At 
Et-3.2  kcal  mol"1  the  cut-off  on  cosy  y  is  ca.  0.7.  This  corresponds  to  cos  0  =  0.3,  which 
is  the  cut-off  angle  at  ET  =  2.2  kcal  mol"1.  Note,  however,  that  the  observed  angular 
distribution**  is  less  dependent  on  £T  than  suggested  by  eqn  (27).  This  perhaps  is  due 
to  eqn  (27)  only  being  valid  for  £T«3.1  kcal  mol'1.  At  higher  energies,  as  already 
discussed,  the  linear  functionality  will  be  misleading.  For  lower  collision  energies  (e.g. 
1.4  kcal  mol"1),  the  similarity  between  the  two  plots,  fig.  5,  would  be  less  striking.  Even 
so,  it  is  a  tribute  to  the  linear  barrier  functional  form1'  that  it  can  simply  and  readily 
account  for  this  unexpected**  similarity. 
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Fig.  6.  The  two  sets  of  cartesian  axes  and  the  definition  of  the  vectors  and  of  the  impulse  /. 

Kinematic  Model 

There  are  two  aspects  which  opacity  analysis  does  not  address.  One  is  the  fate  of  the 
system  past  the  barrier:  how,  say,  is  the  total  angular  momentum  partitioned  between 
the  orbital  component  of  the  relative  motion  and  the  rotational  angular  momentum  of 
the  product?  We  shall  indeed  be  interested  in  an  even  more  detailed  question,  namely 
how  is  this  partitioning  dependent  on  the  scattering  angle?87  A  second  aspect  is  that 
in  the  optical  model  one  cannot  combine  the  experimental  specification  of  the  initial 
state  (which  is  in  terms  of  the  distribution  p,  z  =  cos  p  =  *  •  r)  and  the  reaction  criterion 
in  terms  of  the  relative  orientation  of  the  reagents  at  the  barrier. 

Both  these  aspects  can  be  handled  in  the  kinematic  model,  as  has  been  discussed 
before7''  with  special  reference  to  laser-aligned  reagents.  Here,  we  shall  be  primarily 
concerned  with  orientated3445  46-88  CH3I.  In  particular  we  shall  show  that  purely  kinem¬ 
atic  effects  can  account  for  the  observed45  reduction  in  the  role  of  reagent  orientation 
for  non  back-scattered  products. 

The  new  feature  of  the  model  is  that  it  is  used  to  generate  realistic  angular  distributions 
for  rebound  reactions  by  incorporating  an  impulsive  release.  There  are  therefore  two 
separate  lines  of  development  that  lead  to  the  present  version  of  the  model.  The  first 
starts  with  the  original  DIPR  model.57-58-40-43  The  model  is  augmented  by  (i)  explicit 
account  of  the  internal  degree  of  freedom  of  the  reagent  (or,  equibalently ,  of  the  product); 
(ii)  a  reaction  criterion  which  derives  from  an  angle-dependent  barrier  to  reaction.  Only 
those  trajectories  that  can  surmount  the  barrier  lead  to  products,  and  (iii)  the  impulse 
is  released  not  necessarily  along  the  direction  of  the  old  bond. 

Another  route  is  to  begin  with  the  kinematic  model  of  Elsum  and  Gordon.89  One 
then  incorporates  a  criterion  for  reaction  which  depends  on  the  orientation  at  the 
barrier.39  The  second  modification  is  that  the  final  momenta  are  specified  not  only  by 
kinematic  considerations  but  also  by  an  impulsive  release.  We  shall  present  the  model 
here  along  these  lines. 

The  purely  kinematic  part  is  as  before.  One  starts  by  a  rotation7-90-91  of  the  cartesian 
coordinate  system  (r,  -  If )  suitable  for  the  reactants,  by  an  angle  ( ir/2)  -  p  to  the  cartesian 
system  (R\  —tf)  suitable  for  the  products  (fig.  6), 

R'\  /-»1a/(»Ia+«b)  sin2  P  \(R\  f2g) 

r7  V  1  mc/(m,+  mc)Ar }' 
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Here,  as  usual,  cos2  /3  =  mAmc/(mA  +  mB)(mBH  mc)  and  mx  is  the  mass  of  atom  X.  To 
see  that  eqn  (28)  is  indeed  a  rotation,  it  is  convenient  to  introduce  the  mass-scaled 
coordinates 

Q  =  (Ma-bc)'/2^i  4  =  (MBc)'/2r 

=  ab-c)’'2*',  «'»(Mab),/V 

where  the  /is  are  the  reduced  masses.  Then  eqn  (28)  can  be  written7 


The  kinetic  energy  is 


/<?'\  /-cos/3  sin/9\/<>\ 

\q')  \  sin/3  cosjS/V*/ 


T  =  (Q2  +  q"))/  2;  r  =  (Q'2+  q'2)/2 


where  the  dot  denotes  the  time  derivative.  In  the  purely  kinematic  limit  the  velocities 
are  computed  from  eqn  (28) 


where  l/(/8)  is  the  rotation  matrix  in  eqn  (29). 

When  there  is  an  impulsive  release,  there  is  an  additional  component  to  the  velocities 
due  to  the  impulse.  We  specify  the  impulse  /  by  its  magnitude  and  direction.  To 
conform  with  previous  usage58"61  we  define  the  magnitude  in  terms  of  a  dimensionless 
parameter  q: 

I  =[mc/(mB+mc)]qP 

M)qR  (31) 

where  M  is  the  sum  of  the  three  masses  and  P  =  fiA_BCR  is  the  initial  momenta.  We 
do  allow,  however,  for  the  impulse  to  be  at  an  angle  *  with  respect  to  the  -R  axis  ( i.e . 
at  an  angle  ir/2—x  with  respect  to  the  r  axis).  Hence  the  components  of  /  along  R 
and  r  are  specified  by  the  two  components  of  / 


r  /-cos*  sin  *\/ /\ 
\  sin*  cos */ \0 / 


while  the  two  components  of  the  impulse  along  R\  r'  are  the  two  components  of 
/'=  U(p)I. 

In  the  computation  of  r\  R'  we  thus  have 


CH 


-mA/(mA  +  mB) 


«c/(«B+mc) 


Otherwise,  the  comp  .tion  follows  the  details  presented  in  ref.  (39). 

In  applications,  we  need  to  specify  the  values  of  q  and  *.  We  used  q  =  18,  which 
is  in  the  range  (e.g.6>  15-20)  recommended  by  previous  applications  to  the  K  +  CH,I 
reaction.58'6'  In  his  detailed  study,59  Knutz  noted  that  to  obtain  broad  products' 
translational  energy  distribution  it  is  necessary  to  take  q  to  be  a  function  of  the  orientation 


angle,  with  q  being  largest  for  a  collinear  configuration.  An  examination  of  the  potential- 
energy  surfaces21,29,50'6  suggests  to  us  that  the  origin  of  the  need  to  take  the  magnitude 


of  the  impulse  along  r  to  be  a  function  of  orientation  is  simply  that  the  impulse  is  not 
directed  along  f.  In  other  words,  we  question  the  basic  premise  of  the  DIPR  model. 


Inspection  of  all  reasonable  surfaces  shows  the  impulse  in  K+CHjI  to  be  delivered 
relatively  early  and  to  be  much  more  in  the  direction  of  6  than  of  f.  Hence,  we  agree 
with  Kuntz59  that  the  immpulse  along  r  is  maximal  for  a  collinear  configuration  and 
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Flf.7.  Kinematic  model  vcomputations  for  K+CH3I.  Shown  are  the  (A)  opacity  function  P(b) 
vs.  b/d,  (B)  the  angular  distribution  P{k'  •  k)  =  (&2oR/A2w)/oR  vs.  cos  6  =  k'  •  k,  and  the  distribu¬ 
tions  of  reactive  reactants  in  t'k  =  cosp  (C)  and  in  r  -  R  =  cos  (D)  at  three  collision  energies: 
(a)  0.062  eV,  (b)  0.135  eV,  (c)  0.290  eV.  kAt  the  highest  energy  there  can  be  some  recrossing  of 
the  barrier  back  into  the  reactants  region.  This  is  not  incorporated  in  the  model.  Hence  a  strict 
interpretation  of  the  results  at  the  highest  energy  is  that  they  are  the  distribution  for  those  reactants 
that  can  cross  the  barrier.  Note  that  at  the  highest  energy,  the  distribution  in  cos  y  is  nearly  that 
of  a  ‘painted  sphere’,”  namely,  nearly  constant  reactivity  within  the  cone  of  acceptance.  Note 
also  the  shift  to  more  forward  scattering  as  the  initial  energy  is  increased.  In  this  and  all  subsequent 
figures,  the  scalar  product  of  unit  vectors  is  denoted  by  a  round  bracket,  e.g. 
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Fig.  8.  Kinematic  model  computations  of  the  distribution  of  initial  orientations  of  those  trajectories 
that  lead  to  reaction  and  are  scattered  into  the  indicated  angular  ranges  [a,  b],  a  s  cos  8  b,  at 
£t  =  0.135  eV,  j  =  3.  Note  that  the  distribution  in  z  =  cos  p  =  r-  k  is  quite  different  for  sideways 
scattering.  It  is  the  distribution  in  f  •  k  of  all  reactants  that  Can  be  selected  using  orientated 
reagents,  (k-  k):  (a)  [0.95,  1.00],  (6)  [0.80,  0.85],  (c)  [0.50,  0.55],  (d)  [0.00,  0.05]. 


diminishes  with  increasing  angle  of  attack.  In  our  approach,  there  is,  however,  a  second 
component  of  the  impulse,  along  R.  The  skewing  angle  0  for  K+CH,I  is  quite  large 
(ca.  80°)  so  that  the  r'  axis  is  rotated  with  respect  to  the  R  axis  by  only  a  small  (ir/2-  j8) 
angle  (fig.  6).  The  result  is  that  the  impulse  /  is  nearly  parallel  to  the  r'  axis.  Another 
way  of  stating  our  approach  is  therefore  that  it  corresponds  to  an  early  release.  Owing 
to  the  low  mass  of  the  departing  methyl  group  a  significant  fraction  of  the  energy 
impulsively  released  (ca.7,79'92  sin2  0),  will  be  available  for  the  products’  translation). 

Fig.  7  shows  a  typical  output  from  the  kinematic  model  for  q  =  18  and  *  =  2°at  three 
collision  energies.  The  opacity  function  is,  as  expected,  monotonically  declining  (cf 
the  same  two  energies  in  fig.  2)  and  the  angular  distribution  of  the  KI  product  is 
somewhat  more  realistic.  It  still  shows  the  overall  nearly  linear  decline  ( us.  cos  0  *  fc'  •  k) 
from  its  value  in  the  „  ickwards  direction.  Here,  however,  the  initial  decline  is  somewhat 
more  rounded,  as  is  observed.86  Regarding  the  distribution  c.f  initial  conditions /or 
those  reagents  that  do  react  (the  so-called7  reactive  reactants):  The  distribution  in  R-  f 
is  that  expected  for  the  linear  barrier  function  used  in  the  computation.  Note  that  when 
all  products  are  collected  (as  is  the  case  here  but  not  in  several  figures  below),  the 
distribution  in  r •  &  is  quite  similar  to  that  in  r-R.  The  reason  is  that  most  reactive 
collisions  have  k  nearly  (anti)parallel  to  R. 

Note  that  in  fig.  7  and  all  following  figures,  the  cosine  of  the  angle  between  two 
vectors  a,  b  is  denoted  by  (a  •  b ).  In  other  words,  «•  6*  (a  •  b). 
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Fi*.  9.  Kinematic  model  computations  of  the  correlation  between  products’  angular  momentum 
polarization  and  scattering  angle.  Shown  are  the  distributions  of  the  KI  angular  momentum  /, 
along  the  direction  k  of  the  initial  velocity  and  along  the  direction  perpendicular  to  the  plane  of 
the  collision  k  a  k'  for  the  same  four  angular  ranges  shown  in  fig.  8.  Note  that  j'  is  essentially 
perpendicular  to  the  plane  of  the  collision. 


In  a  crossed  molecular  beam  experiment  one  typically  collects  only  those  products 
that  have  been  scattered  into  a  narrow  angular  range.  Fig.  8  shows  the  distribution  in 
initial  conditions  for  those  reactants  that  reacted  and  were  detected  at  the  indicated 
range  of  cos  8  =  k'  •  k.  The  important  point  is  the  distribution  in  f  *  k  Even  for  backwards 
scattering  we  find  (not  shown|  contributions  from  the  entire  range  of  impact  parameters. 
Hence  the  distribution  in  f  ■  k  is  not  uniform  up  to  the  cut-off  (as  would  be  the  case  if 
only  i>  =  0  collisions  contributed).  Next,  note  the  gradual  shift  in  the  f  •  k  distribution 
as  the  distribution  is  examined  for  more  forward  scattering.  While  there  is  no  one-to-one 
relation  between  the  initial  impact  parameter  and  final  scattering  angle,  sampling  the 
k'  •  k  distribution  does  probe  the  r-  k  distribution. 

The  angular  momentum  disposal  in  the  products  is  shown  in  fig.  9  for  the  same 
conditions  as  in  fig.  8.  To  compare  with  the  discussion  of  Hsu  et  at.*1  [see  also  ref.  (93) 
and  (94)],  note  that  their  y  axis  is  along  k'  a  £  and  the  z  axis  is  along  k.  In  general, 
and  as  expected  for  repulsive  release,3,7  the  product  KI  angular  momentum  /  is  perpen¬ 
dicular  to  the  scattering  plane  and  at  lower  collision  energies  is  in  the  opposite  direction 
to  V.  Note,  however,  that  the  details  are  sensitive  to  the  scattering  angle.  In  the  forward 
direction,  /  is  very  preferentially  paralleho  Of  course,  the  scattering  is  predominantly 
backwards,  but  the  width  of  the  k  a  £'  •  /'  [denoted  (J7)jn  ref.  (87)]  distribution  is  very 
strongly  scattering-angle-dependent.  The  width  of  the  /"  •  k  distribution  (m(j?))  is  far 
less  variable.  At  higher  collision  energies,  when  the  scattering  is  more  forward,  /  is 
preferentially  oriented  parallel  to 


I.  Schechter  and  R.  D.  Levine  17 


-1  0  1-1  0  1-1  0  1-1  0  1 


( r-R )  (r-*) 

Fig.  10.  Kinematic  model  computations  of  the  distribution  of  initial  orientations  for  those  trajec¬ 
tories  that  lead  to  reaction  at  £T  =  0.135  eV  for  several  field  strengths,  V0.  The  field  voltages  (in 
kV)  are  those  used  in  the  experimental  study65,95  of  K  + orientated  CH3I. 

We  turn  now  to  several  aspects  for  the  reaction  of  oriented34,65,66,88,95  CH31.  The 
distribution  of  all  CH.,I  molecules  with  respect  to  the  direction  E  of  the  field  W(cos  p) 
was  computed  by  a  Legendre  polynomial  expansion.95  96 

W(z)  =  I[(2n+l)/2]<P„(z)>P„(z)  (34) 

n 

where  z  =  cos  p  and  the  numerical  values  of  the  Legendre  moments  ( P„(z )) 

<P„(z)>  =  J  ,  W(z)P„(z)dz  (35) 

are  taken  from  table  1  of  ref.  (95).  As  in  our  previouis  study,39  of  aligned  reagents,  we 
simulate  the  orientation  of  the  reagents  by  weighting  the  trajectories  in  accordance  with 
the  distribution  (34). 

Fig.  10  shows  the  distribution  of  reactive  reactants  at  several  field  values.  We 
emphasize  that  in  fig.  10,  all  reactive  events  are  counted,  irrespective  of  the  final  scattering 
angle.  What  the  figure  emphasizes  is  the  essential  distinction  between  the  distribution 
of  the  reactive  reactants  in  rk  which  is  subject  to  experimental  control  and  the 
distribution  in  f  •  R  which  is  of  theoretical  interest.  It  might  appear  at  first  glance  that 
the  distribution  of  reactive  reactant!  in  r-R  should  be  governed  only  by  the  angular 
dependence  of  the  barrier  to  reaction  and  hence  independent  of  the  field.  This  is  not 
so  because  the  field  orientates  the  reactants.  Hence  the  distribution  of  all  reactants  in 
?•  R  is  no  longer  uniform  as  it  would  be  in  the  absence  of  the  field  (i.e.  for  randomly 
oriented  reagents). 

We  consider  that  fig.  10  is  a  clear  demonstration  of  the  importance  of  purely  kinematic 
aspects. 

The  angular  distribution  of  reactively  scattered  K1  at  different  orienting  fields  is 
shown  in  fig.  tl.  The  different  plots  are  drawn  to  a  common  scale  so  that,  for  example, 
the  cross-section  is  maximal  for  backwards  scattering  for  V0  =  2  kV  and  diminishes  for 
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Fi(.  H-  Kinematic  model  computations  of  the  angular  distribution  of  KI  us.  cos  6  =  k'  •  k,  for 
K  +  orientated  CH3I  collisions  at  £T  =  0.135eV.  The  initial  distribution  of  all  reactants  is  as  in 
eqn  (34)  with  weights  appropriate  to  the  experimental  conditions65’95  and  to  the  indicated  rod 
voltage,  V0  in  kV).  Note  the  loss  of  selectivity  [i.e.  compare  the  magnitude  of  the  cross-section 
daR/d  cos  8  for  favourable  (Vo>0)  vs.  unfavourable  (V„>0)  orientations]  in  the  more  forward 

direction. 

higher  fields.  Since65  (cos  p)*(P,(z)>  is  approximately  proportional  to  1/V0,  fig.  11 
shows  that  for  the  backwards  direction  the  reactivity  is  monotonically  increasing  with 
the  mean  orientation. 

As  the  scattering  is  monitored  for  more  forward  direction,  the  role  of  the  experimental 
orientation  diminishes,  and  the  reactivity  becomes  less  dependent  on  V0.  This  is  a 
purely  kinematic  effect.  For  backwards  scattering,  the  reagent  axis  should  be  preferen¬ 
tially  oriented  along  k.  More  forward  scattering  receives  contribution  from  a  wider 
range  of  f-i  values,  fig.  8.  As  V0  is  varied,  one  can  much  more  readily  affect  the 
distribution  of  reactive  reactants  that  contribute  to  backwards  scattering.  In  optical 
model  terminology,  at  higher  b  values,  corresponding  to  the  more,  forward  scattering, 
there  is  a  wide  range  of  f  •  6  values  that  correspond  to  a  given  r  •  k  value.  A  summary 
of  our  computations  for  orientated  reagents  drawn  in  the  manner  closest  to  experimental 
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Fig.  12.  Kinematic  model  computations  of  the  reactivity  for  favourable  vs.  unfavourable  orientation 
of  CH,I  for  different  scattering  directions.  The  angular  range  of  cos  6  =  *  •  Jk'  is  (a)  [0.95,  1.00], 
( b )  [0.50,  0.55],  (c)  [0.25,  0.30];  •,  V0>0;  ■,  Vo<0.  The  largest  effect  is  for  V0  =  ±2kV.  The 
mean  orientation  is  roughly  proportional  to  1/V0).  For  backwards  scattering,  compare  with  fig. 

3  of  ref.  (95).  Note  the  loss  of  selectivity  for  more  forward  scattering. 


results88,95  is  shown  in  fig.  12.  Here,  the  reactivity  is  plotted  for  the  ‘favorable’  os. 
‘unfavorable’  orientations  as  obtained  by  reversing  the  sign  of  the  field.  For  backwards 
scattering,  reversing  the  (mean)  orientation  makes  much  more  of  a  difference. 

Conclusions 

Considerable  insight  into  the  steric  requirements  of  the  K+CH3I  reaction  was  shown 
to  be  provided  by  the  angular  distribution  in  scattering  experiments  using  unoriented 
reactants.  There  are  several  factors  which  make  the  K+CHjI  system  a  particularly 
favorable  example.  Foremost  is  the  simple  orientation  dependence  of  the  barrier  to 
reaction;  it  is  essentially  linearly  increasing  with  1  -  cos  y  (the  approach  angle)  up  to 
a  cut-off  due  to  the  sudden  onset  of  the  steric  hindrance  by  the  CH}  group  (fig.  1). 
There  are  many  other  systems  with  qualitatively  similar  features.  K+ (CHj)jCBr  is  an 
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obvious  example.  Why  the  K  +  CF3I  system97  is  possibly  different  remains  to  be  better 
understood.  Another  class  of  systems  predicted2®  to  have  strong  steric  hindrance  is  the 
H-atom  transfer  as  in98  O  +  HBr.  Here  too,  we  expect  a  primarily  rebound  mechanism. 
Even  the  H  +  H2  exchange  reaction  has  an  angular  distribution  dominated84  by  hard- 
sphere  scattering.  Since  also  for  this  reaction,  the  opacity  function  is  determined 
primarily  by  the  steric  requirements,10  the  measured99  angular  distribution  should  be 
amenable  to  similar  considerations.  It  would  be  of  particular  interest  to  examine  the 
reactive  scattering  of  H  or  of  D  from  HD  [cf.  fig.  4  of  ref.  (1)]. 

It  is  unfortunate  that  we  know  of  no  ab  initio  computation  of  the  orientation 
dependence  of  the  barrier  for  the  K.+  CH3I  reaction  or  any  other  reaction  with  steric 
hindrance.  We  would  like  to  use  this  opportunity  to  invite  such  computations.  On  our 
part,  we  undertake  to  make  good  use  of  such  input. 

The  examination  of  the  dependence  of  the  scattering  cross-section  on  the  orientation 
of  the  reagents  has  brought  forth  by  a  now  familiar  situation:  experimentalists  measure 
in  the  laboratory  frame  of  reference  while  theorists  compute  in  the  molecular  frame. 
The  relation  between  the  experimental  orientation  (measured  by  r  •  k)  and  the  theoretical 
one  (measured  by,  say,  f-R)  is  not  one-to-one  at  all  but  th.e  lowest  impact  parameters. 
A  Monte  Carlo  simulation  is  probably  the  simplest  way  of  generating  the  distribution 
of  theoretical  orientations  corresponding  to  a  given  experiment  using  oriented  reagents. 
In  this  way,  the  apparent  loss  of  steric  selectivity65  for  those  K  +  orientated  CH3I  collisions 
that  lead  to  more  forward-scattered  K1  could  be  accounted  for. 
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High-resolution  dispersed  fluorescence  spectra  from  NH2  in  the  electroni¬ 
cally  excited  A  2 A,  state  have  been  obtained.  Single  quantum-state  excitation 
using  a  tunable  ring  dye  laser  was  employed  and  rotational  energy  transfer 
(RET)  in  the  excited  vibronic  manifold  was  studied.  Analysis  shows  that 
angular  momentum  based  propensity  rules  are  much  more  successful  at 
predicting  RET  relaxation  rates  than  are  those  based  on  the  energy  transfer. 
The  results  are  interpreted  with  reference  to  the  molecule-fixed  axis  system, 
and  this  allows  us  to  work  backwards  to  the  incoming  particle  trajectory. 
Thus  we  obtain  information  about  the  stereochemistry  of  the  NH2  (2A,  )  +  H 
interaction. 


Collisionally  induced  transitions  between  the  rotational  levels  of  small  molecules, 
particularly  diatomics,  have  been  extensively  studied  in  recent  years. 1,2  Of  particular 
interest  to  us  have  been  the  attempts  to  formulate  simple  expressions  for  rates  of 
rotational  energy  transfer  (RET).3  6  The  motivation  for  this  lies  in  the  ubiquitous  nature 
•  of  rotational  relaxation  in  gas  dynamics,  and  that  an  understanding  of  many  important 

processes,  for  example  cluster  nucleation,  requires  the  ability  to  calculate  rotational 
relaxation  rates  quickly  and  efficiently.  Full  quantum-mechanical  calculations  are  time- 
consuming  and  expensive,  even  for  diatom-atom  scattering,  owing  to  the  rapid  computa¬ 
tional  explosion  as  the  number  of  open  rotational  channels  increases.  Approximations, 
such  as  the  infinite-order  sudden  (IOS),  which  decouple  the  scattering  equations,  have 
been  very  successful  in  predicting  ‘scaling’  laws  for  RET.7  More  recently  several 
semiempiricai  ‘fitting’  laws  have  been  proposed, 3-6  and  there  has  been  considerable 
speculation  as  to  their  physical  origin.8  In  particular  it  has  been  suggested  that  angular 
momentum  constraints  may  be  more  important  than  energetic  constraints.9  In  diatom- 
atom  systems,  however,  this  distinction  is  not  clear  cut  since  the  transferred  energy, 
|A£|,  scales  as  the  transferred  angular  momentum,  |/|,  and  thus  the  question  was 
unresolved  until  now. 

The  study  of  atom-triatomic  molecule  collisions  oilers  several  interesting  new 
possibilities  which  offset  the  obvious  additional  complexities  in  spectra  and  inter- 
molecular  potential.  The  most  important  of  these  is  the  existence  of  molecule  fixed 
projections  of  the  rotational  angular  momentum  that  are  spectrally  resolvable.  In  a  bent 
triatomic  or  asymmetric-top  molecule  the  rotational  energy  levels  form  stacks  associated 
with  the  angular  momentum,  N,  and  its  projection  onto  tv  o  of  the  molecular  axes. 
Although  the  internal  projections  are  not  simultaneously  rigorous  quantum  numbers, 
they  do  form  a  very  valuable  basis  for  spectroscopic  identification  and  more  relevantly 
here,  for  visualising  the  molecular  dynamics  of  scattering  experiments. 

Using  high-resolution  spectroscopic  selection  and  detection  techniques  it  is  straight¬ 
forward  to  isolate  collisional  processes  which  change  the  angular  momentum  vector 
and  only  one  of  the  internal  projection  quantum  numbers.  In  this  way  one  is  in  effect 
sampling  planar  slices  of  the  intermolecular  potential.  Thus  experimentally  one  may 
isolate  different  aspects  of  the  intermolecular  potential  by  the  simple  device  of  fully 

i  spectroscopically  resolving  the  initial  and  final  states. 

i  i 


2  Stereochemical  Influences  in  Atom-Triatomic  Collisions 

The  particular  system  we  have  chosen  to  study  is  that  of  NH2  +  H.  Aside  from  the 
intrinsic  interest  in  NH2  for  the  role  it  plays  in  atmospheric,  interplanetery  and  combus¬ 
tion  chemistry  the  radical  is  also  an  archetype  of  the  Renner-Teller  interaction.  Thus 
NH2  is  unusual  and  spectroscopically  complicated.  Two  particular  points  are  important 
here.  First,  because  NH2  is  a  radical,  the  electronic  states  involved  in  the  transitions 
of  interest  are  both  doublets  and  thus  each  rotational  level  is  split  through  the  effect  of 
the  spin-rotation  interaction.  An  important  consequence  is  that  for  open-shell  collision 
partners  we  are  faced  with  scattering  on  two  distinct  surfaces  (singlet  and  triplet). 
Secondly,  NH2  is  an  asymmetric  rotor,  and  consequently,  as  briefly  discussed  above, 
the  rotational  levels  are  split  into  a  number  (2N  + 1)  of  sub-levels  which  depend  on  the 
relative  orientation  of  the  angular  momentum  vector  to  the  molecule-flxed  axis  system. 
These  states  are  usually  labelled  Nkak ,  where  ka  and  kc  refer  to  the  projection  of  the 
angular  momentum  (excluding  spin)  onto  the  a  and  c  axes  of  the  molecule.  We  will 
see  later  that  this  will  have  important  consequences  when  we  consider  rotational  energy 
transfer  between  these  levels. 

The  difficult  and  complex  problem  of  collisional  energy  transfer  of  an  open-shell 
molecule  with  an  open-shell  atom  was  first  tackled  by  Shapiro  and  Kaplan"  for  the 
OH  +  H  system,  and  for  the  NH2  +  H  system  by  Dixon  and  Field.12  In  the  latter  paper 
rotational  relaxation  rates  were  Interpreted  in  terms  of  the  distorted-wave  Bom  approxi¬ 
mation  which  gave  a  semiquantitative  fit  to  their  experimental  data."  Rotationally 
resolved  fluorescence  intensities  were  used  to  obtain  relative  rates  of  transfer  from 
initially  populated  levels.  Propensities  such  as:  |AN|  *£  2,  and  \ka-  0,2  (with  Ak„=0 
for  AM  =  2)  were  observed  for  the  NH2+H2/He  system.t  A  correlation  between  the 
spin  of  the  initially  populated  state  and  the  collisionally  populated  state  was  observed 
for  the  ortho  states,  and  consequently  H  atoms  were  thought  by  these  authors  to  be  the 
dominant  collision  partner.  In  contrast  He  atoms  were  thought  to  be  responsible  for 
collisional  transfer  between  the  para  states.  Subsequent  time-resolved  experiments,14 
verified  the  |AN| «  2  propensity  rule  and  suggested  that  cascading  (multiple  collisions) 
might  be  responsible  for  the  larger  AN  changes. 

Somewhat  earlier  Kroll 15  had  also  observed  energy  transfer  between  the  rotational 
levels  in  the  2A,  state  of  NH2.  Although  the  collision  partner  was  unspecified,  Kroll 
found  a  significant  retention  of  molecular  orientation,  in  the  laboratory-axis  frame,  after 
RET.  A  more  systematic  study  at  higher  resolution  of  this  polarisation  transfer  was 
later  undertaken  in  our  laboratory, ,6,r7  the  results  of  which  were  interpreted  in  terms 
of  an  extended  version  of  the  perturbation  treatment  proposed  by  Dixon  and  Field.12 

Experimental 

The  experimental  arrangement  is  illustrated  in  fig.  1.  NH2  (amidogen)  radicals  were 
produced  in  a  flow-reactor  following  the  reaction  of  H  atoms  with  hydrazine  (N2H4). 
The  reaction  chamber  consisted  of  a  quartz  discharge  tube  and  a  Pyrex  flow-line  equipped 
with  gas  inlet  jets  and  observation/excitation  ports  fitted  with  fused  silica  windows. 
The  observation  cell  was  arranged  so  that  laser-induced  fluorescence  could  be  detected 
either  orthogonally  to,  or  coaxially  with,  the  excitation  axis.  The  discharge  tube  and 
flow-line  were  etched  with  ca.  15%  hydrofluoric  acid  for  ca.  25  min  prior  to  use  in  order 
to  diminish  radical  destruction  on  the  walls.  The  reactor  was  pumped  by  means  of  a 
double-stage  rotary  pump  with  a  displacement  of  80m3h~'  (Edwards  model  E2M  80). 
The  H  atoms  were  produced  by  microwave  discharge  at  2.45  GHz  (Microtron  model 
200).  In  our  initial  experiments  a  gas  mixture  of  H2  in  He  (with  a  dilution  of  ca.  1:5) 
was  used;  however,  in  later  experiments  the  H2/He  mix  was  replaced  by  water  vapour, 
where  it  was  found  to  produce  more  controllable  experimental  conditions  and  allowed 

t  NHj  can  be  produced  by  the  reaction  of  hydrazine  with  the  products  of  a  microwave  discharge  in  H2/He. 


Z.  T  Alwahabi  et  al. 


3 


Fig.  I.  The  experimental  set-up. 


us  to  work  at  lower  pressures.  In  both  cases  the  total  pressure  in  the  flow  line,  as 
measured  by  a  capacitance  transducer  downstream  of  the  reaction  zone  (MKS  Baratron 
model  222),  was  1.5-2.0Torr+  for  the  H2/He  mix  and  ca.  0.6  Torr  with  water  vapour. 
Hydrazine,  98%  pure  as  supplied  by  Aldrich,  was  contained  in  a  glass  ampoule  from 
where  it  was  fed  to  the  reactor  inlet  jet  via  PTFE  tubing.  The  flow  was  controlled  by 
a  needle  valve. 

The  reaction  of  H  atoms  with  N,H4  results  in  hydrogen  abstraction: 

H  +  N2H4  —  H2+N2Hj.  (1) 

The  NH2  radicals  are  believed  to  be  produced  by  subsequent  reactions  of  the  N2H3 
radicals  with  H  atoms.  A  green  flame  is  observed  at  the  contact  point  which  was 
found,  on  spectroscopic  analysis,  to  be  due  to  N2,  and  probably  arises  from  the 
recombination  reaction  of  NH  radicals.  The  NH  radicals  are  in  turn  most  probably  the 
result  of  NH2  recombination  to  yield  NH  and  ammonia. 

The  output  from  a  continuous-wave  tunable  dye  laser  (Coherent  model  699-29)  was 
directed  so  as  to  cross  the  flow  tube  ca.  10cm  downstream  of  the  hydrazine  inlet  jet. 
The  dye  laser  is  controlled  by  a  microcomputer  (Apple  He)  which  is  connected  to  an 
integral  wave-meter  assembly.  Thus  it  is  possible  to  control  the  absolute  wavelength  of 
the  laser  to  4  parts  in  107 ( ±0.007 cm"').  The  spectral  width  of  the  dye  laser  (ca. 
0.0003  cm'1)  was  two  orders  of  magnitude  smaller  than  the  Doppler  width  of  NH2 
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under  our  experimental  conditions  (0.054  cm'1  at  300  K).  .Transitions  to  the  (0,9,0) 
and  (0, 10, 0)  vibrational  manifolds  of  the  A  2A,  first  electronically  excited  state  from 
the  (0, 0, 0)  manifold  of  the  X  2B,  ground  state  lie  in  the  tuning  range  of  rhodamine 
6G.  Excitations  to  individual  rotation  levels  were  assigned  by  monitoring  the  total 
laser-induced  fluorescence  using  a  photodiode  attached  to  one  of  the  optical  windows 
of  the  observation  cell,  and  scanning  the  frequency  of  the  dye  laser.  Line  positions 
were  found  to  be  in  very  good  agreement  with  the  published  tables  of  Dressier  and 
Ramsey.20  The  narrow  linewidth  of  the  laser  allowed  excitation  into  each  spin  component 
of  any  given  rotational  level,  J  =  N  ±  1/2,  in  turn. 

Once  a  transition  had  been  assigned  the  fluorescent  light  was  collected  by  a  lens 
and  dispersed  through  a  i  m  double-grating  Czerny-Tumer  monochromator  (Spex  model 
1402).  The  gratings  of  this  instrument  were  replaced  with  ones  of  1800  grooves  mm'1 
giving  a  dispersion  of  4  A  mm'1.  The  dispersed  fluorescence  fell  onto  a  Peltier  cooled 
photomultiplier  turbe  (EMI9863B/100;  S20  spectral  response)  and  was  detected  by 
photon  counting  electronics  (Brookdeal  model  5C1).  The  photon  counter  and  mono¬ 
chromator  were  interfaced  to  a  micro-computer  (Atari  model  1040ST)  which  collected 
and  stored  the  dispersed  spectrum. 

Two  different  experimental  geometries  were  used  in  this  study.  In  order  to  detect 
the  degree  of  circular  polarisation,  C  =  (/+-/_)/(/+  + /_),  the  fluorescence  was 
measured  coaxially  to  the  laser-beam  propogation  axis.  In  this  case  the  output  from 
the  dye  laser  was  first  directed  through  a  prism  monochromator  (Anaspec  model  300S) 
to  remove  any  background  dye  laser  fluorescence  before  being  passed  through  a  linear 
polariser  and  then  a  Fresnel  rhomb.  The  resultant  circularly  polarised  light  was  then 
focused  into  the  flow-reactor  through  one  of  the  optical  windows.  The  resultant  fluores¬ 
cence  was  collimated  with  an  / 1.5  lens  and  passed  through  a  photoelastic  modulator 
(Morvue  model  PEMSF4)  driven  at  50  kHz  and  an  analysing  polariser  before  being 
focused  onto  the  entrance  slits  of  the  monochromator.  Further  details  can  be  found 
elsewhere;21  however,  the  net  result  of  this  arrangement  is  to  produce  a  modulated 
signal  at  the  detector  such  that  in  one  arm  of  the  modulation  cycle  the  signal  is 
proportional  to  /+,  while  in  the  other  it  is  proportional  to  I..  The  photon  counter  can 
be  operated  in  synchronous  sampling  mode  so  that  these  two  signals  could  be  recorded 
separately  and  the  sum  and  difference  easily  computed  and  displayed. 

In  the  second  experimental  arrangement  the  degree  of  linearly  polarised  fluorescence, 
P  =  ( /j  -  /j. )/( /||  -  /j. ),  could  be  obtained.  In  these  experiments  the  Fresnel  rhomb  and 
premonochromator  were  removed  from  the  optical  train,  and  the  fluorescence  was 
collected  orthogonally  to  the  excitation  axis.  The  driving  frequency  of  the  PEM  was 
also  changed  to  100  kHz  to  provide  full-wave  polarisation  modulation.  An  additional 
advantage  of  this  optical  arrangement  was  that  it  was  possible  to  observe  the  resonance 
fluorescence. 

One  final  experimental  consideration  is  that  as  a  free  radical  the  molecular  g  factor 
is  quite  large  and  Hanle  depolarisation  of  the  fluorescent  light  by  magnetic  fields  is 
easily  observable  for  modest  field  strengths  (ca.  0.5  mT).22  In  order  to  guard  against 
these  effects  a  set  of  three  pairs  of  Helmholtz  coils  (average  diameter  30  cm)  were 
constructed  around  the  observation  cell.  The  field  at  the  centre  of  the  coils  was  measured 
with  a  magnetometer  (Schonstedt  Instruments  model  DRM1)  and  nulled  to  ±1  mT  by 
varying  the  current  in  each  pair  of  coils  independently.  In  point  of  fact,  for  our  particular 
laboratory  orientation,  the  effects  of  the  earth's  magnetic  field  on  the  polarisation  of 
the  laser  induced  emission  appear  to  be  negligible.2 

Results 

We  have  studied  rotational  energy  transfer  between  a  large  number  of  states  in  the 
(0,9,0)  and  (0, 10,0)  vibrational  manifolds  of  the  A  2A,  state  of  NH2  and  NHD.  Here 
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we  wish  to  present  results  for  excitation  into  the  (0, 9, 0)  2  stack  (i.e.  states  with  ka  =  0), 
where  we  have  made  a  systematic  study  of  the  relative  rates  of  population,  orientation 
and  alignment  transfer  as  functions  of  initially  excited  quantum  number  (including 
electron  spin),  and  nuclear-spin  symmetry.  A  typical  dispersed  fluorescence  spectrum 
is  shown  in  fig.  2.  The  signal-to-noise  ratio  on  some  of  the  resonance  lines  is  greater 
than  3000: 1.  In  general  line  strengths  for  excitation  into  the  ortho  levels  are  three  times 
stronger  than  for  the  para  levels  because  of  the  nuclear-spin  statistics.  As  can  be  seen 
from  the  spectrum  the  spin-splitting  in  the  A  levels  (i.e.  ka  =2)  is  well  resolved,  while 
for  fluorescence  from  the  2  states,  where  the  splitting  is  ca.  0.2cm"',  typically  only  a 
single  line  is  visible  owing  the  limited  instrument  resolution  (ca.  0.3  cm"1). 

The  results  for  population  transfer  are  presented  in  tables  1-3.  The  tabulated  results 
were  divided  into  two  sets  according  to  whether  the  rotational  transfer  is  to  a  state  in 
the  same  ka  stack  or  crosses  stacks.  For  each  initial  level  two  sets  of  data  are 
presented  according  to  the  initially  excited  spin  component  (except  for  the  case  of 
excitation  into  the  0oo  level,  where  there  is  only  one  spin  level).  In  order  to  obtain 
relative  transfer  rates  from  the  fluorescence  spectra  the  spectral  line  intensities  must  be 
taken  into  account.  The  computer  program  asymrot  of  Birss  and  Ramsey25  was  used 
to  calculate  the  transition  strengths,  from  which  we  deduced  the  relative  populations 
of  the  collisionally  excited  levels. 

The  concurrent  use  of  polarised  light  allows  us  to  select  simultaneously  both  space- 
and  mole-fixed  axes.  This  comes  about  because  polarised  light  will  selectively  excite 
the  (degenerate)  magnetic  sub-levels  of  the  selected  rotational  state,  creating  a  distribu¬ 
tion  which  for  single-photon  excitation  is  completely  described  by  its  first  three  Legendre 
moments.  The  state  multipole  moments  are  known  as  population,  orientation  and 


Fig.  2.  Typical  spectrum  showing  the  dispersed  fluorescence  following  excitation  of  the 
(JA,)(0,9,0)3Oj(J-3.5)  level  from  (1B1)(0,0,0)31J. 
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Table  I.  Relative  populations  for  intra  2  stack  and  inter  X  — ►  A  rotational  energy 
transfer  following  P  excitation  of  the  Ooo  level  of  the  2 A,  state 


excitation 

Ooo  "  1 io 

radiative 

transition 

2a,-2b, 

w* 

A£/cm~' 

relative 

population 

4,  =  0.5 

%  stack 

Ooo- 1  io 

0.00 

0.00 

1.000 

2o2-3l2 

2.45 

54.26 

0.137 

4m- 5  u 

4.47 

181.78 

A  stack 

7  1  10 

2.45 

-99.75 

-104.25 

3j2-2i2 

3.46 

-43.03 

-46.33 

^22-3 12 

4.47 

30.36 

27.41 

The  relative  populations  of  the  collisionally  populated  states  have  been  deduced  from 
the  line  strengths  of  the  observed  transitions.  Fitting  these  data  against  |f|  using  eqn 
(3)  gives:  a  =0.97,  b  =  -0.97,  R  =  -0.97.  The  exponential-gap  law,  kNl ,  —  = 

a  exp  (-6|A£|),  gives:  a  =0.14,  b  -  -0.011,  R  =  -0.43,  where  a  and  b  are' the  Tree 
parameters  and  R  is  the  correlation  coefficient. 


alignment.  Experiments  with  circularly  polarised  light  are  mainly  sensitive  to  the 
orientation,  while  linearly  polarised  light  predominately  probes  the  alignment.  The 
linear  polarisation  ratios  for  transfer  out  of  the  2o:  state  are  given  in  table  4.  In  table 
5  we  show  the  results  for  circular  polarisation  following  transfer  out  of  the  30J  level. 


Discussion 

The  rotational  energy  levels  in  the  (0, 9, 0)  vibrational  manifold  of  2A,  of  NH2  are  shown 
schematically  in  fig.  3,  in  which  the  spin  splittings  have  been  much  exaggerated,  although 
the  ordering  of  the  states  is  correct.  Now  referring  to  fig.  3  it  is  apparent,  for  example, 
that  the  S2J  level  lies  close  to  the  30j  level,  in  fact  the  energy  gap  is  only  14  cm'1.  If 


Table  2.  As  for  table  1,  but  for  Q  excitation  of  ln. 


excitation 
>01  «-  In 

radiative 

transition 

2A,-2B, 

\l\/h 

AE/cm  1 

relative 

population 

4  =  0.5 

relative 

population 

4  =  1-5 

£  stack 

loi-2|i 

0.00 

0.00 

1.000 

1.000 

3o3-4u 

2.13 

90.75 

0.084 

0.080 

A  stack 

^21— 3ji 

2.00 

-117.52 

0.070 

0.060 

-122.12 

0.100 

0.106 

321-431 

2.60 

-62.24 

0.036 

0.025 

-65.71 

0.049 

0.057 

423-533 

3.27 

13.79 

0.0.1 

0.015 

11.05 

0.016 

0.023 

523-633 

4.21 

106.17 

0.009 

0.005 

103.34 

0.007 

0.007 

Fitting  these  data  against  |/|  using  eqn  (3)  gives  for  4  =1.5:  a  =  1.01,  b  =  -1.15,  R  =  -0.99,  and 
for  4  =  0.5:  a  =  1.03,  b  =  -1.20,  R  =  -0.99.  The  exponential-gap  law  gives  for  4  =  1.5:  a  = 
0.16,  b  =  -0.014,  R  =  -0.42,  and  for  J„  =0.5:  a  =0.15,  b  =  -0.016,  R  =  -0.44. 
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Table  3.  As  for  table  1,  but  for  Q  excitation  of  30j 


excitation 

3(33  ♦“  3j3 

radiative 

transition 

2A,-2B, 

III/* 

AE/cm  1 

relative 

population 

4,  =  2.5 

relative 

population 

4=3.5 

X  stack 

loi_2|i 

2.13 

-90.75 

0.270 

0.250 

3o3_413 

0.00 

0.00 

1.000 

1.000 

2.21 

164.37 

overlapped 

0.140 

7o?-8|7 

4.10 

405.57 

0.002 

0.003 

A  stack 

22i-33i 

2.92 

-208.27 

0.040 

0.070 

-212.87 

0.080 

0.060 

32i-43i 

2.97 

-152.99 

0.030 

0.090 

-156.46 

0.080 

0.070 

423-  533 

2.20 

-76.96 

0.019 

0.072 

-79.70 

0.065 

0.042 

523-633 

3.11 

15.42 

0.009 

0.023 

12.59 

0.020 

0.010 

625-735 

4.5 

136.37 

0.001 

0.009 

133.92 

0.005 

0.010 

Fitting  these  data  against  |/|  using  eqn  (3)  gives  for  4  =  3.5:  a  =  1.10,  b  =  -1.13,  R  =  -0.90,  and 

for  4  =  2.5:  a 

=  1.16,  b  =  -1.21,  R 

=  -0.92. 

The  exponential-gap  law  gives 

for  4  =  3.5:  a  = 

0.13,  b  =  -0.006, 

,  R  =  -0.35,  and  for  4  =  2.5: 

a  =  0.12,  b  = 

-0.007,  R  =  -0.34. 

energetic  considerations  were  dominant  one  would  expect  efficient  energy  transfer  on 
collision  between  these  two  states,  since  the  cell  temperature  in  our  experiments,  as 
determined  from  lineshape  analysis,  is  300  K.  Examination  of  table  3,  which  presents 
the  data  for  excitation  into  the  303  spin  doublets,  shows  that  this  is  not  the  case.  In  fact 
the  relative  populations  of  the  523  spin  states  are  ca.  a  factor  of  four  smaller  than  those 
of  the  22,  states,  which  lie  ca.  210  cm'1  from  the  laser-populated  level.  This  is  not  simply 
an  isolated  example.  Exponential-gap  law24  plots  for  al)  the  population-transfer  data 
presented  in  the  tables  show  very  poor  linear  correlation  coefficients  (see  table  captions), 
and  clearly  some  other  mechanism  is  at  work. 

Some  insight  into  what  is  going  on  may  be  gleaned  from  the  study  of  Orlikowski 
and  Alexander  of  rotational  energy  transfer  between  the  spin-orbit  states  of  NO  following 
collisions  with  Ar  atoms.26  As  with  NO  in  NH2  one  is  faced  with  several  stacks  of 
rotational  states  within  any  given  vibrational  manifold;  in  the  case  of  NO  these  are  the 


Table  4.  Linear  polarisation  ratios  following  Q  excitation  of  202 


excitation 

2o2  *—  2|o 

radiative 

transition 

2a,-2b, 

1/h 

A£/cm~' 

linear 

polarisation 

4  =  1.5 

linear 

polarisation 

4  =  2.5 

X  stack 

0oo- 1  io 

2.45 

-54.26 

0.25  ±0.09 

1.78  ±0.05 

2o2-2|2 

0.00 

0.00 

18.67  ±0.84 

24.25  ±2.8 

* 

A  stack 

22o-2|2 

2.83 

-154.00 

2.25  ±2.1 

2.47  ±2.3 

322—3 1 2 

2.08 

-97.29 

0.86  ±0.05 

4.51  ±1.4 

322-33o 

2.08 

-98.49 

4.25  ±2.8 

6.95  ±2.2 

422-432 

2.86 

-22.46 

6.24  ±1.9 

1 1.12  ±  2.4 

422-^14 

2.86 

-23.90 

6.27  ±0.5 

3.75  ±  1.6 

> 

Note  that  the  ratios  here  are  given  in  % ,  and  not  as  defined  in  the  text.  Data  are  only  presented 
for  fluorescence  from  the  same  spin  state  as  4- 
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Table  5.  Circular  polarisation  ratios  for  R  excitation  of  30j 


excitation 

3o3*-2,i 

radiative 

transition 

2A,-2B, 

l/t> 

AE/cm  1 

circular 

polarisation 

4,  =  2.5 

circular 

polarisation 

4  =  3.5 

2  stack 

loi"l|l 

2.13 

-90.75 

10.6  ±2.50 

15.2  ±  3.50 

loi_2|i 

2.13 

-90.75 

8.3  ±2.00 

11.6±2.00 

3o3"331 

0.00 

0.00 

16.6  ±2.5 

29.6  ±4.0 

3o3_4|3 

0.00 

0.00 

-13.1  ±1.0 

-10.4  ±0.7 

3o3~3|j 

0.00 

0.00 

16.8  ±0.50 

19.5  ±0.50 

A  stack 

221-I11 

2.92 

-210.50 

13.04  ±2.0 

23.6  ±3.0 

22i~ 2|  i 

2.92 

-210.50 

overlapped 

20.6  ±0.4 

321— 3i3 

2.97 

-154.71 

15.4  ±0.2 

13.5  ±0.4 

423-4i3 

2.20 

-77.56 

overlapped 

15.2  ±0.2 

423-3 13 

2.20 

-77.56 

19.4±  2.5 

24.2  ±0.6 

Ratios  are  given  in  %.  Data  are  only  presented  for  fluorescence  from  the  same  spin  state  as  Jex . 


two  spin-orbit  states  separated  by  123  cm-1,  in  NH2  these  are  the  Renner-Teller-coupled 
ka  states  (2,  A  etc.).  The  authors  were  able  to  derive  scaling  laws  for  the  intra-  and 
inter-stack  energy  transfer  in  NO  based  on  the  properties  of  the  angular  momentum 
coupling  coefficients  v/hich  showed  that  for  transfer  between  spin-orbit  states,  at  least, 
vector-coupling  considerations  dominated  energetic  considerations. 

For  NH2,  as  for  any  asymmetric  rotor,  the  angular  momentum  vector  of  the  nuclear 
frame  can  be  projected  onto  any  two  of  the  molecular  axes,  and  the  magnitude  of  the 
angular  momentum  transferred  on  collision,  |/|,  will  not  scale  simply  with  |A£|  as  it 
does  in  diatomic  molecules.  This  is  illustrated  in  fig.  4.  The  diagram  illustrates  the  case 


Z  A 

17300 


0 


6 


06 


P 


16600  -* 

Fig.  3.  Energy-level  diagram  for  the  I  and  A  states  of  NH2  in  the  (0,9,0)  vibrational  manifold 

of  the  2A,  state. 
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*e 

Fig.  4.  The  molecular-fixed  projections  of  the  303  and  523  level.  The  vector  /  is  the  transferred 

angular  momentum. 

discussed  above,  that  is  collisional  transfer  from  303  — *  523.  The  collisionally  transferred 
angular  momentum  can  be  obtained  from  geometrical  considerations,  and  is  given  by: 

I2  =  -2(N2  +  N  -  k2a-  k2c)'/2(N'2+  N'  -  k'2  -  k'2)'/2 

+  N2+N-2kak'a-2kck'c+N,2+N'.  (2) 

Since  the  energy-gap  law  gives  a  poor  fit  to  rate  constants  for  transferred  population  it 
is  of  interest  to  see  how  these  scale  with  the  transferred  angular  momentum,  |/|.  In 
contrast  to  the  case  for  transferred  energy,  scaling  with  transferred  angular  momentum, 
according  to  an  inverse  exponential  law, 

kNk^Ni'k  =  nexp(-b|/|)  (3) 

is  found  to  give  an  excellent  fit  to  a  wide  range  of  data.  The  correlation  coefficients  for 
this  law  are  given  in  the  tables.  All  the  data  presented  here  can  be  accounted  for  with 
the  parameters  a  =  1.06±0.07  and  b  =  1.13 ±0.08  with  a  reduced  x 2  of  0.3.  However, 
an  additional  point  needs  to  be  made.  In  the  analysis  we  have  only  considered  data 
for  like  spin  doublet  components.  That  is  if  the  state  J-N  +  \  was  excited  we  have 
tried  only  to  fit  data  for  transfer  to  the  state  J'  =  N'  +  \  and  vice  versa  (for  intra  I  stack 
transfer,  where  relative  transfer  rates  of  the  spin  components  cannot  be  resolved,  we 
have  simply  assumed  that  iMs  =  0  makes  the  dominant  contribution).  When  the  electron 
spin  is  explicitly  included  the  calculation  of  |f|  does  not  correctly  predict  the  spin¬ 
branching  transfer.  This  result  can  only  be  explained  in  terms  of  a  spin-correlated 
interaction  potential  ( i.e .  an  open-shell  collision  partner).  The  fact  that  the  results  are 
independent  of  the  source  H  atoms  indicates  that  hydrogen  is  the  dominant  collision 
partner  in  both  ortho  and  para  levels. 

Using  a  hard-sphere  approximation  ca.  20  collisions  would  be  expected  during  the 
radiative  lifetime  (ca.  10  **s27)  of  excited  NH2;  in  fact,  rather  more  than  this  are  likely 
to  occur  since  the  cross-section  for  rotational  de-excitation  will  be  somewhat  larger  than 
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gas  kinetic.  It  may  therefore  be  argued  that  our  experiment  does  not  give  nascent 
rotational  distributions,  but  the  result  of  cascading  as  suggested  by  Dearden  et  al. 14 

For  a  number  of  reasons  we  do  not  believe  that  we  are  observing  multiple  collisions. 
The  first  of  these  may  be  found  by  examing  the  NH3  surface,  illustrated  in  fig.  5.  Recent 
calculations28  are  in  very  good  agreement  with  experiment,29  and  the  surface  is  believed 
to  be  very  accurate.  An  important  feature  of  the  surface  is  the  existence  of  a  conical 
intersection  for  H  atoms  approaching  along  the  b  axis  of 2 A,  NH2.  The  N  — H  distance 
at  which  the  cusp  occurs  is  highly  dependent  on  the  H— N— H  bond  angle.  The  situation 
illustrated  in  fig.  5  is  for  HNH  =  120°.  For  linear  NH2  the  2A,  and  2B,  states  are 
degenerate  (correlating  to  a  2II  state)  and  the  conical  intersection  occurs  at  rN_H  =  oo. 
The  vibrational  period  of  the  (0, 9, 0)  states  is  estimated,  assuming  no  anharmonicity, 
to  be  ca.  6  fs,  which  is  two  orders  of  magnitude  smaller  than  the  flight  time  of  an  H 
atom  at  3  0  K  through  a  1  nm  diameter  interaction  zone  (400  fs),  so  that  during  the 
interaction  the  H  atom  will  sample  many  different  forms  of  the  surface,  and  is  highly 
likely  to  meet  the  cusp.  The  rapidly  changing  topology  of  the  NH2  +  H  surface  is  an 
unusual  situation  (quite  unlike  the  interaction  potential  of  a  vibrating  diatomic  and  an 
atom).  Classical  trajectory  studies  by  Dixon20  show  efficient  quenching  on  the 
(2A,)NH2  +  H  surface,  so  it  is  likely  that  the  majority  of  collisions  transfer  molecules 
non-radiatively  into  ground-state  species  either  reacting  to  form  NH3  or  quenching  to 
(2B,  )NH2.  This  would  leave  in  the  excited  state  just  those  molecules  that  have  undergone 
essentially  single-collision  events. 

Further  evidence  for  this  proposal  comes  from  our  polarisation  data.  The  polarisation 
of  the  emitted  light  observed  in  the  resonance  lines  is  near  to  theoretical,  and  significant 
polarisation  is  observed  in  the  transferred  features  (see  tables  4  and  5).  These  observa¬ 
tions  are  obviously  inconsistent  with  a  large  number  of  collisions  per  excited  state 
lifetime.  Furthermore,  the  polarisation  ratio  appears  to  increase  as  the  pressure  in  the 
cell  increases. 

What  is  unique  about  scattering  studies  of  asymmetric  rotors  is  the  ability  to 
back-project  to  the  sub-set  of  trajectories,  in  the  molecular  frame,  responsible  for  a 
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particular  transition.  The  correlation  between  /  and  the  rotational  relaxation  rate  is 
important  because,  being  a  vector  quantity,  the  transferred  angular  momentum  has 
direction  as  well  as  magnitude.  Consequently  in  a  collision  between  an  H  atom  and  an 
amidogen  radical  which  results  in  RET  with  a  given  vector  /  a  unique  trajectory  (or  at 
least  a  sub-set  of  trajectories)  can  be  ascribed  to  the  incoming  atom.  Thus  the  experiment 
is  capable  of  giving  direct  and  accurate  information  on  the  fundamental  stereochemistry 
of  the  interaction. 

Molecules  in  the  2  stack  are  rotating  about  the  c  axis.  Collisions  with  H  atoms 
moving  in  the  a-b  plane  will  lead  to  intra-stack  transfer,  while  collisions  with  atoms 
moving  predominantly  in  the  b-c  plane  will  lead  to  inter-stack  (2->  A)  transfer  (see 
fig.  6).  Unfortunately  we  do  not  know  the  topology  of  the  surface  for  approach  in  the 
b-c  plane.  Some  of  our  data,  however,  show  that  these  latter  collisions  are  more 
depolarising  than  those  in  the  a-b  plane,  although  not  consistently  so.  The  evidence 
from  the  population-transfer  study  indicates  that  there  is  essentially  no  difference 
between  the  rates  of  inter-  and  intra-stack  transfer;  however,  there  is  some  evidence  to 
show  that  the  spin-branching  ratio  is  larger  for  inter-stack  transfer,  which  we  tentitively 
propose  might  be  explained  by  the  triplet  surface  lying  closer  to  the  singlet  in  the  b-c 
plane.  Further  work  is  in  progress,  particularly  with  regard  to  the  interpretation  of  the 
polarisation  data. 


FI*.  6.  The  stereochemistry  of  the  (2 A,  )NH2  +  H  as  probed  by  laser-induced  fluorescence,  (a) 
N,  /exchanging  collisions  (rotation  in  the  b-c  plane  about  the  a  axis),  (b)  N,  k„,  lc,- changing 
collisions  (rotation  in  the  a-c  plane  about  the  b  axis),  (c)  N,  /exchanging  collisions  (rotation  in 

the  a-b  plane  about  the  c  axis). 
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Conclusions 

Asymmetric-top  molecules  have  a  unique  role  to  play  in  collision  dynamics  by  virtue 
of  the  rotational  levels  possessing  molecule-fixed  projections  of  the  angular  momentum 
vector.  In  cases  where  the  quantum  states  are  spectroscopically  resolvable,  laboratory- 
fixed  axes  may  be  unambiguously  tied  to  those  fixed  on  the  molecule  by  optical  excitation 
and  then  identified  after  collision  by  high-resolution  spectroscopic  detection. 

A  study  of  energy  transfer  in  (5A, )  NH2+H  collisions  has  been  presented  and  a 
feature  of  this  molecule  is  that  full  spectroscopic  resolution  of  quantum  levels,  including 
spin,  is  feasible.  A  wide  range  of  rotational  energy-transfer  results  have  been  obtained 
and  it  is  clear  that  by  comparison  with  diatomics,  the  behaviour  is  anomalous  with  no 
apparent  scaling  relationship  for  rotational  relaxation  rates  to  transferred  energy. 
However,  the  relationship  with  transferred  angular  momentum  is  very  close  and  a 
momentum-gap  law  provides  a  quantitative  fit  to  all  our  data.  The  key  parameter  in 
this  law  is  the  angular  momentum  transferred  on  collision.  The  magnitude  and  direction 
of  I  may  be  calculated  from  simple  geometric  considerations  given  values  of  N,  ka,  and 
kc  for  the  initial  and  final  states.  Specific  values  of  I  can  only  arise  from  a  limited  set 
of  H-atom  trajectories  and  thus  the  possibility  arises  that  sets  of  -resolved  collision 
dynamic  data  may  be  used  in  conjunction  with  simple  trajectory  calculations  to  build 
up  an  intermolecular  potential  in  at  least  two  orthogonal  planes,  giving  genuine 
stereochemical  information. 

Polarisation  data  augment  this  treatment  and  yield  greater  insight  through  the 
retention  or  loss  of  correlation  by  collision.  Furthermore,  spin-branching  ratios  are  an 
indicator  of  the  importance  of  the  triplet  surface.  Both  of  these  aspects  of  this  problem 
will  be  addressed  in  forthcoming  publications. 
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Excited-state  metal-molecule  reactions  [Hg(3P,)  +  H2,  Ca('P,)  +  HCl]  have 
been  studied  within  the  complexes  formed  by  the  reactants.  Under  these 
conditions  specific  aspects  of  orbital  orientation  within  the  molecular  frame 
are  exemplified. 


The  reactivity  of  aligned  atoms  or  oriented  molecules  is  expected  to  depend  strongly 
upon  the  direction  of  the  orientation  with  respect  to  the  intermolecular  axis.1,2  In 
addition  when  there  exists  more  than  one  exit  channel  for  the  reaction,  changing  this 
orientation  can  also  change  the  branching  ratio  to  these  various  exit  channels.  Rettner 
and  Zare,  in  a  beam-gas  experiment,  have  shown  an  important  effect  of  the  laser 
polarisation  in  the  reaction  of  Ca(4s4p'P,)  with  HC1;3'4  the  laser  polarisation  orientates 
the  Ca  4p  orbital  in  the  calcium  beam  with  respect  to  the  target  HC1  gas.  Specifically 
they  have  shown  that  the  perpendicular  alignment  of  the  Ca  4p  orbital  perpendicular 
to  the  direction  of  approach  (pjr)  enhances  the  production  of  the  CaCl(A  2II)  state, 
while  the  CaCl(B  2S+)  product  is  favoured  by  a  parallel  approach  (per).  The  memory 
of  this  preparation  will,  however,  be  best  conserved  in  the  case  of  collisions  with  impact 
parameters  close  to  zero. 

In  turn  we  have  chosen  to  proceed  to  excited-state  reactions  where  the  orientating 
field  is  the  molecular  field  induced  by  the  van  der  Waals  interaction  of  the  reactants, 
i.e.  generating  an  orientation  in  the  moieculan  frame  of  the  complex.  The  principle  of 
the  experiment  is  to  form  a  metal-molecule  complex  in  a  supersonic  expansion,  in  a 
state  which  correlates  with  the  ground  state  of  the  metal.  Then  the  complex  is  promoted 
to  the  reactive  surface  by  a  tunable  laser  in  the  vicinity  of  the  atomic  transition,  the 
metal  being  considered  as  the  chromophore.  The  dynamical  evolution  of  the  excited 
complex  on  a  definite  excited  surface  leads  to  the  formation  of  the  products.  The  optical 
excitation  will  select  out  a  surface  of  a  given  symmetry,  thus  influencing  directly  the 
course  of  the  reaction.  Moreover,  the  selection  obtained  of  the  initial  geometry  may 
lead  to  an  important  change  in  the  product-energy  distribution.’  Another  aspect  of  the 
selectivity  as  offered  by  van  der  Waals  complex  reactions,  the  mechanical  orientation 
of  the  reactants,  has  been  developed  by  Wittig  and  co-workers.5 

In  the  Hg(3P,)-H2  system  the  reaction  rate  depends  strongly  upon  the  accessed  state 
corresponding  to  a  different  Hg(6p)  configuration  (3S  or  3n)  and  this  behaviour  has 
been  confirmed  by  theoretical  calculations? 

The  Ca(4s4p'P,)-HCl  system  has  also  been  studied  in  a  complex,  in  the  optical 
domain  close  to  the  calcium  *P,  line,  but  no  marked  effect  of  the  optical  preparation 
has  been  observed  on  the  chemiluminescent  state  A  or  B  of  CaCI.  This  is  explained 
using  the  model  of  Rettner  and  Zare3'4. 

Experimental 

The  technique  uses  laser  spectroscopy  in  a  supersonic  jet,  which  was  developed  ten 


2 


Orbital  Orientation  in  van  der  Waals  Reactions 


years  ago  by  Smalley  et  al. 8  Briefly,  the  reaction  partners  are  expanded  with  a  rare  gas 
in  a  supersonic  expansion.  A  cold  complex  is  obtained  after  a  few  millimetres  in  the 
expansion,  in  a  collision-free  region.  This  complex  is  then  excited  with  a  tunable  laser 
to  the  reactive  surface.  The  chemical  reaction  occurs  and  the  products  are  detected  and 
analysed  by  their  chemiluminescence  spectra  (CaCl),  or  by  laser-induced  fluorescence 
of  the  product  (HgH). 

In  the  case  of  the  Ca-HCl  complex  the  preparation  of  the  complex  is  more  involved 
and  the  experiment  (fig.  1)  consists  of  a  supersonic  pulsed  beam  coupled  to  a  laser 
vaporisation  source  of  the  type  described  by  Smalley  et  al.*'9  When  the  valve  opens,  a 
mixture  of  argon  and  HC1(1%)  starts  to  flow  into  a  1  mm  diameter  channel.  Ca.  5  mm 
downstream,  it  reaches  a  rotating  calcium  rod  where  the  beam  of  the  second  harmonic 
of  a  YAG  laser  is  focused.  The  laser  pulse  evaporates  the  calcium  ca.  1  ms  after  the 
opening  of  the  valve  at  the  maximum  of  the  gas  flux.  Then  a  short  channel,  2  mm  long, 
leads  to  the  chamber  evacuated  by  a  Roots  pump  (1000  m3h-1)  and  the  Ar,  HC1,  Ca 
mixture  is  expanded  into  the  vacuum,  producing  condensation  of  Ca  and  HC1  in  a 
complex.  A  second  tunable  laser  crosses  the  molecular  jet  ca.  15  mm  downstream  and 
excites  the  complexes.  This  second  laser  is  delayed  by  30  fis  with  respect  to  the  first, 
which  corresponds  to  the  time  taken  by  the  metal  flow  to  reach  the  observation  region. 
The  chemiluminescence  induced  by  the  second  laser  is  analysed  by  a  small  mono¬ 
chromator  followed  by  a  red-sensitive  phototube  and  a  boxcar  integrator. 

In  the  case  of  mercury-hydrogen  complexes  the  rotational  envelope  of  the  excitation 
spectrum  ensures  that  1/1  Hg-H2  species  are  observed.  In  the  Ca-HCl  case  it  is  not  so 
straightforward  to  ascertain  the  exact  composition  of  the  complex,  hence  we  have  chosen 
the  mildest  expansion  conditions  where  the  total  pressure  does  not  exceed  2  atmt  and 
the  evaporation  laser  power  is  smallest.  When  the  evaporation  laser  intensity  is  increased 


Ar  +  HC1 


|  j  |  observation 

Schematic  diagram  of  the  laser  evaporation  in  the  Ca-HCl  experiment. 


1 1  «tm  - 101  325  Pa. 
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the  calcium  pulse  broadens  temporally  owing  to  higher  metallic  cluster  formation.  We 
thus  infer  that  under  mild  conditions  the  Ca-HCl  complex  is  the  dominant  calcium 
complex. 

Moreover  cold  CaCI  molecules  are  present  in  the  X  state  owing  to  the  reaction  of 
metastable  calcium  atoms  resulting  from  the  evaporation  process  with  HCI  in  the  channel 
prior  to  the  expansion.  However,  owing  to  the  chemiluminescent  nature  of  the  reaction 
these  CaCI  molecules  can  easily  be  discriminated  from  those  issued  from  the  reaction. 

Orbital  Selectivity  in  the  Hg-H2  van  der  Waals  Complex  Reaction 

It  is  known  that,  in  the  gas  phase,  excitation  of  the  resonant  Hg(‘S0-3P|)  transition  in 
presence  of  H2  leads  to  the  formation  of  HgH(22+)  through  a  direct  mechanism.10  " 
The  quenching  cross-section  of  Hg(3P,)  by  H2  (30  A2)  suggested  that  the  reaction  in 
the  complex  should  be  slow  enough  for  a  structured  intermediate  state  to  be  observed 
in  the  region  accessible  from  the  ground-state  complex. 

The  reactivity  of  Hg(3P,)  within  the  Hg-H2  complex  depends  crucially  ujion  the 
mercury  6p  orbital  orientation  with  the  complex  axis  as  we  have  demonstrated.'"13  The 
pir  preparation  of  the  reaction  provokes  a  rapid  direct  insertion  of  Hg  in  the  H  — H 
bond,  while  in  the  per  preparation  the  reaction  is  much  slower  and  is  indirect. 

It  is  important  to  mention  how  straightforwardly  the  orbital  orientation  may  be 
achieved  in  a  complex  of  a  p-excited  atom.  The  combination  of  the  attractive  and 
repulsive  forces  between  the  metal  and  the  molecule  result  in  the  formation  of  two 
different  electronic  states  of  different  energies,  depending  upon  the  orbital  orientation 
of  the  atomic  orbital  with  respect  to  the  intermolecular  axis.  On  the  other  hand,  in 
collisions  where  rotational  momentum  is  important,  as  at  room  temperature,  the  distinc¬ 
tion  between  the  pw  and  per  excitations  may  be  reduced.  Hence  reactions  within 
complexes  provide  a  good  and  simple  means  to  study  orbital  stereoselectivity.  In  the 
very  simple  case  of  the  diatomic  Hg-rare  gas  complexes  we  have  observed  these  states 
on  both  sides  of  the  Hg(3P,)  line,  the  pir  state  being  the  deepest  state.  In  Hund’s 
case  c  for  mercury  complexes  the  p  orbital  is  not  as  well  aligned  as  it  would  be  in  case 
a;  the  O  =  0  state  corresponds  to  a  3I1  state,  while  the  ft  =  1  state  is  a  3X  +  3I1  combination, 
which  corresponds  to  a  more  on-axis  average  alignment.  In  both  cases  the  rotation  of 
the  complex  may  destroy  the  orbital  orientation.  This  Coriolis  effect  will  vary  with  the 
ratio  of  the  rotational  spacing  (2 BJ)  with  the  II  state  separation.  At  the  very  low 
rotational  temperatures  achieved  in  our  experiments  ( ca .  3  K)  the  coriolis  coupling  is 
much  smaller  than  the  electronic  gap. 

The  reaction  of  Hg(3P,)  within  the  Hg-H2(3P!)  complex  is  a  good  example  (fig.  2). 
The  action  spectrum  shown  measures  the  production  of  the  HgH  molecule  as  a  function 
of  the  exciting  frequency:  the  rapid  reaction  in  the  3I1  (ft  =  0)  potential  region  is  shown 
by  a  continuous  spectrum,  while  the  structure  in  the  32  (ft  =  1 )  region  indicates  a  process 
slower  than  3  ps. 13  Moreover,  a  low  barrier  to  reaction  is  observed  in  the  entrance  valley 
of  the  3i  approach,  amounting  at  least  to  100  cm-1.13  This  barrier  is  manifest  by  a  direct 
dissociation  of  the  complex  into  Hg(3P,)  +  H2  when  the  exciting  photon  provides  greater 
energy  than  the  Hg-H2  3X  well.  These  results  have  been  confirmed  by  the  ab  initio 
calculations  of  Bernier  and  MilW.6  They  also  found  that  the  fl  surface  in  the  Hg(3P,)  +  H2 
is  attractive  and  that  the  reaction  proceeds  through  the  lengthening  of  the  H— H  bond 
followed  by  mercury  insertion  at  a  distance  close  to  1 .5  A,  as  we  observed.13  Furthermore 
a  barrier  is  also  calculated  in  the  other  configuration  3£  (ft  =  1 )  but  can  be  traversed 
by  tunnelling  to  another  surface,  leading  to  the  HgH  product. 

This  example  shows  that  the  use  of  the  van  der  Waals  technique  sorts  out  the  different 
potential-energy  surfaces  corresponding  to  the  6p  orbital  orientations,  yielding  strong 
differences  in  reactivity.  We  have  sought  with  the  same  ideas  to  investigate  the  influence 
of  the  orbital  orientation  on  the  product  state  formation  in  the  Ca-HCl  system. 
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—  v/cm  1 

FI*.  2.  (a)  Fluorescence  excitation  spectrum  of  the  Hg-H2  complex.  ( b )  Action  spectrum  of  the 
Hg-H2  complex:  the  pump  laser  is  scanned  while  the  probe  laser  is  maintained  tuned  to  the  bond 
head  of  the  0-0  transition  in  Hg-H(2nl/2-*-  2i+).  The  blue  domain  (ft=  1)  in  (6)  extends  into 
the  continuum  as  observed  in  (a)  and  the  red  domain,  right  of  the  mercury,  line  corresponds  to 

the  ft  =  0  excitation. 

The  Ca-HCI  ('P,)  van  der  Waals  Reaction 

This  reaction  is  observed  in  the  apparatus  described  in  fig.  1  and  the  preliminary  results 
are  repotted  in  the  following.  The  efficiency  for  the  tunable  laser  to  produce  CaCl*  by 
excitation  of  the  complex  in  the  spectral  domain  of  the  calcium  'P,  line  is  shown  in 
fig.  3.  The  resulting  chemiluminescence  is  observed  in  the  red  (around  600  nm).  The 
fluorescence  spectrum  resulting  from  the  excitation  of  the  complex  at  430  nm  is  given 


Ca’p  v  HCI 


Fig.  3.  Energy  diagram  along  the  reaction  coordinate  of  the  Ca('P,)  +  HCI  system. 
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in  fig.  4.  It  is  compared  to  the  laser  induced  chemiluminescence  spectrum  due  to  the 
reaction  between  Ca(4s4p'P,)  and  HC1  obtained  in  a  beam-gas  configuration.  The  two 
spectra  present  the  two  characteristic  maxima  at  620  and  595  nm,  corresponding  to  the 
emission  of  the  two  states  A  and  B  of  CaCl.3-414'16  The  emission  recorded  with  the 
laser  at  430  nm  presents  all  the  characteristics  of  a  chemiluminescence  resulting  from 
the  excitation  of  a  Ca-HCl  complex.  First,  the  intensity  increases  with  the  Ar/HCl 
pressure  and  disappears  instantaneously  when  the  valve  opening  is  blocked.  Moreover, 
no  difference  is  found  between  the  time  dependence  of  this  signal  and  the  time  evolution 
observed  when  doing  direct  laser-induced  fluorescence  of  CaCl.  This  last  point  is  not 
only  a  further  proof  that  the  emitting  product  is  CaCl,  but  it  also  indicates  that  this 
product  is  formed  instantaneously. 

It  is  important  to  stress  that  in  order  to  observe  the  emission  resulting  from  the 
excitation  of  the  Ca-HCl  complex  the  experimental  conditions  have  to  be  carefully 
controlled.  The  evaporation  laser  produces  not  only  neutral  calcium  atoms  but  also 
other  species  which  can  absorb  and  re-emit  light.  For  too  large  an  intensity  on  the 
vaporisation  laser,  other  fluorescent  signals  are  observed  which  can  be  discriminated 
from  the  known  CaCl  chemiluminescence  displayed  in  fig.  4.  These  spurious  signals 
increase  when  the  background  pressure  in  the  main  chamber  is  increased  from  10~2  to 
10  mbar.  Their  origin  is  believed  to  be  collisions  with  background  gas.  This  is  confirmed 
by  looking  at  the  time  evolution,  which  shows  a  slower  rise-time  than  the  laser.  Moreover, 
these  signals  are  maximal  for  a  delay  of  ca.  SO  fis  instead  of  30  p s  for  the  1 : 1  complex, 
suggesting  another  heavier  precursor.  Consequently,  in  order  to  see  the  signal  of  the 
Ca-HCl  complex,  the  laser  vaporisation  power  as  well  as  the  delay  between  the  two 


Fig.  4.  Chemiluminescence  spectra  of  CaCl.  (a)  The  points  correspond  to  the  excitation  of  the 
Ca-HCl  complex  excited  by  a  laser  out  of  resonance  of  the  Ca  line  (A  =430nm).  The  second 
spectrum  ( b )  results  from  the  reaction  of  a  calcium  atom  excited  in  the  4s4p‘P,  state  with  HCI. 
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laser  pulses  has  to  be  carefully  chosen  to  minimise  the  contribution  of  these  spurious 
signals  to  the  Ca-HCI  complex  chemiluminescence. 

Fig.  5  shows  the  action  spectrum  of  the  Ca-HCI  complex  obtained  by  tuning  the 
excitation  laser  in  the  vicinity  of  the  resonance  line  of  Ca  and  recording  at  the  emission 
maximum  at  620  nm,  corresponding  to  the  emission  from  the  A  2II  state.  This  spectrum, 
extending  over  ca.  1000  cm"',  appears  as  a  broad  structureless  continuum.  No  important 
differenc*.*  were  observed  when  monitoring  the  fluorescence  coming  from  either  the  A 
or  B  state. 

Such  a  wide  structureless  spectrum  has  been  observed  in  the  excitation  of  the  Hg-Cl2 
van  der  Waals  complex.17'19  It  has  been  interpreted  as  a  fast  reaction  without  any 
activation  barrier.  TTiis  is  likely  to  be  the  case  here  considering  the  large  cross-section 
of  68  A2  which  has  been  measured  for  the  chemiluminescence  reaction  of  Ca(4s4p'P,) 
with  HC1.4 

Such  a  large  cross-section  has  led  Rettner  and  Zare  to  interpret  the  reaction  between 
excited  Ca  and  HC1  by  a  harpooning  mechanism.4  Nevertheless,  it  has  been  shown 20'21 
that  attachment  of  an  s  electron  to  HC1  results  in  dissociation  into  Cl“  +  H+.  The  net 
effect  of  this  attachment  will  be  the  same  as  for  the  harpooning  reaction,  but  selective 
for  the  s  or  po  electron.  In  the  interpretation  of  Rettner  and  Zare  [see  ref.  (4)],  the 
covalent  Ca('P)  +  HCl('£+)  surface  crosses  successively  the  Ca+(2S,  2D,  2P)  +  HCr(2£+) 
ionic  surfaces  for  decreasing  Ca-HCI  distances.  The  first  crossing,  at  ca.  3.5  A,  is 
responsible  for  the  large  cross-section.  It  ends  on  a  symmetrical  Ca'(2S)  +  HCl  (2S+) 
ionic  intermediate  which  cannot  retain  the  memory  of  the  initial  polarisation.  The 
conclusion  was  that  the  effect  of  the  polarisation  on  the  A/B  branching  ratio  could  only 
originate  from  inner  crossings  in  the  entrance  channel. 

If  we  now  consider  the  excitation  of  the  Ca-HCI  van  der  Waals  complex,  this  process 
derives  its  oscillator  strength  from  the  close  Ca('S-'P)  transition  and  the  direct  excitation 
of  the  ionic  species  should  be  much  weaker  owing  to  the  small  ionic  character  of  the 
ground-state  Ca-HCI  complex.  The  absorption  of  a  photon  thus  excites  the  complex 
to  a  covalent  potential-energy  surface  [Ca('P)  +  HCl( '£*)],  and  because  the  surfaces 
corresponding  to  the  various  orbital  orientations  are  no  longer  degenerate,  the  different 
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Fte.  5.  Action  spectrum  of  the  Ca-HCI  complex  obtained  by  monitoring  the  fluorescence  of  the 
ATI  state  of  CaCI  (A  «620nm)  while  scanning  the  laser  wavelength.  The  position  of  the  Ca 
(4s2  ,S0-4s4p‘Pl)  resonance  line  is  also  indicated. 
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orientations  will  correspond  to  different  laser  frequencies  (fig.  3).  As  the  typical  equili¬ 
brium  distance  for  such  a  complex  would  be  of  the  order  of  3-4  A,  the  laser  absorption 
occurs  close  to  the  crossing  with  the  Ca+(2S)  +  HC1~(2£+)  ionic  surface  and  the  reaction 
is  expected  to  proceed  predominantly  via  crossing.  In  this  interpretation,  whatever  the 
orientation  of  the  state  populated  by  the  laser  or,  equivalently,  whatever  the  laser 
wavelength,  no  difference  is  expected  in  the  branching  ratio  between  the  A  and  B  states 
of  CaCl  because  there  is  only  one  symmetrical  ionic  intermediate.  Consequently  the 
observation  of  a  constant  A/B  branching  ratio  as  a  function  of  the  laser  wavelength  is 
consistent  with  the  interpretation  of  Rettner  and  Zare.4  Furthermore,  the  complex  is 
very  likely  to  possess  a  linear  Ca-HCl  structure  in  comparison  with  the  similar  HgHCl23 
system.  Thus  the  pir  and  p o  orientations  yield  II  and  £  states  in  the  complex,  and  the 
fact  that  the  orbital  orientation  has  no  effect  on  the  A/B  branching  ratio  does  not  mean 
that  the  reactivity  is  the  same  for  a  or  ir  orientations.  Considering  the  £  symmetry  of 
the  ionic  surface  for  a  linear  Ca-HCl  complex,  the  ionic  covalent  coupling  should  be 
maximum  for  the  p<r  orientation,21  producing  a  more  intense  £  transition  in  the  action 
spectrum.  The  coupling  of  the  pir  orientation  with  the  ionic  surface  should  then  occur 
through  the  large-amplitude  excursions  on  the  resulting  A'  surfaces.  On  the  other  hand, 
weaker  transitions  to  a  delocalised  Ca-HCl'  ionic  state  will  be  searched  for  in  a  wide 
frequency  domain.  This  may  show  evidence  of  a  stretched  HC1  transition  state  in  the 
Franck-Condon  envelope  of  the  resulting  action  spectrum.  Work  is  also  in  progress  to 
detect  other  products  of  the  half-collision,  such  as  metastable  calcium  atoms  competing 
with  the  reaction,  possibly  with  different  efficiency  for  the  different  accessible  surfaces 
(orbital  orientations). 


Conclusion 

Two  examples  of  the  influence  of  the  orbital  orientation  on  the  reactivity  of  metal- 
molecule  complexes  have  been  discussed  and  in  one  of  them  (Hg+H:)  the  n/£ 
orientation  modifies  the  reactivity  in  an  exemplary  manner.  In  the  Ca-HCl  experiment 
no  effect  is  observed  in  the  domain  of  the  calcium  !P,  transition  in  agreement  with 
Rettner  and  Zare.4 

We  have  also  explored  different  portions  of  the  reactive  surface:  far  from  the  transition 
state  in  the  Hg-Hj  case,  very  close  to  in  the  Ca-HCl  case,  which  will  lead  to  further 
developments. 
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Time-resolved  cooperative  fluorescence  (TRCF)  from  electronically  excited 
dissociating  homonuclear  diatoms  is  suggested  as  a  new  technique  for 
studying  orbital  and  spin-polarization  effects  in  fragmented  diatoms.  The 
method  is  based  on  a  theoretical  prediction  of  a  novel  feature  named  here 
‘superbeats’.  This  feature  results  from  a  combination  of  two  oscillatory 
effects,  namely,  the  ringing  oscillations  caused  by  the  time  variation  of  the 
interference  phase  between  the  receding  atoms  during  emission  (P.  Grangier, 

A.  Aspect  and  J.  Vigue,  Phys.  Rev.  Lett.,  1985,  54,  418)  and  the  quantum 
beats  associated  with  the  fine-structure  splitting.  The  time-resolved  superbeat 
pattern  is  shown  to  be  sensitive  to  the  amplitudes  and  phases  of  the  super¬ 
posed  states,  with  different  orbital  polarization  and  spin,  mixed  by  adiabatic 
and  non-adiabatic  couplings  in  the  outcome  of  the  dissociation  process. 

Qualitative  estimates  are  made,  based  on  a  detailed  analysis,  for  the  photo¬ 
dissociation  of  Li2.  Under  conditions  in  which  rotational  effects  can  be 
neglected,  the  two  states  'Eu(g)  and  3Flu(g)  of  Li2  are  superposed  in  the  final 
outcome  of  the  reaction.  This  should  lead  to  a  superbeat  pattern  dependent 
on  the  amplitude  and  phase  of  the  superposition.  Conditions  for  the 
experimental  observability  of  these  features  have  been  studied,  showing  that 
a  time  resolution  of  <0.1  ns  is  required. 


1.  Introduction 

An  electronically  excited  homonuclear  diatom  dissociating  into  a  pair  of  open-shell 
atoms  undergoes  a  transition  from  the  region  of  medium-range  intemuclear  separations 
(Just  above  a  few  A),  where  the  electronic  potential-energy  curves  are  dominated  by 
resonant  dipole-dipole  interactions,  to  the  long-range  region  where  fine-structure  split¬ 
ting  predominates.  The  transition  from  one  region  to  the  other  occurs  in  an  interval  of 
separations  that  will  be  denoted  by  Rc(< 20  A  in  Na2  and  <200  A  in  Li2),  where  most 
of  the  non-adiabatic  dynamics  take  place.1  These  dynamics  determine  the  asymptotic 
amplitudes  and  relative  phases  of  the  superposition  of  line-structure  states  into  which 
the  dissociating  diatom  evolves  from  a  given  dipole-dipole  eigenstate  prepared  by  the 
excitation. 

Since  most  of  the  fluorescence  is  emitted  long  after  the  fragments  have  receded  away 
from  the  transition  region  (unless  their  dissociation  velocity  is  very  low),  its  spectrum 
only  yields  the  branching  ratios  (squared  amplitudes)  of  the  different  fine-structure 
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states  in  the  asymptotic  superposition.  In  order  to  obtain  information  on  the  relative 
phases  too.and  thereby  gain  more  insight  into  the  dynamics,  one  must  resort  to  measure¬ 
ments  sensitive  to  the  coherent  interference  between  the  emitting  states.  As  shown  here, 
time-resolved  fluorescence  can  be  the  source  of  such  information. 

One  aspect  of  the  potential  usefulness  of  time-resolved  fluorescence  was  revealed  in 
an  experiment  by  Grangier  et  al.2  on  photodissociated  Ca2,  in  which  the  rate  of 
fluorescence  exhibited  a  ‘ringing’  oscillatory  pattern.  In  this  case  the  Ca2  diatom  is 
excited  to  a  dissociative  state  of  ungerade  parity  ( lIlu)  and  evolves  into  an  ungerade- 
symmetrized  superposition  in  which  one  atom  is  in  the  excited  'P  state  while  the  other 
is  in  the  ground  'S  state,  or  vice  versa.  As  the  two  fragments  fly  apart,  the  emission  of 
this  superposition  alternates  between  constructive  and  destructive  interference  with  an 
angular  frequency  kv,  where  k  is  the  emission  wavevector  and  u  is  the  separation  velocity, 
thus  forming  the  temporal  ringing  pattern.  The  sensitivity  of  such  patterns  to  the  orbital 
polarization  and  parity  of  the  dissociative  state  and  to  separation  velocity  can  be  deduced 
from  a  theory  of  cooperative  fluorescence  based  on  a  generalized  master-equation 
approach.3'5 

The  temporal  patterns  obtained  for  dimers  of  closed-shell  atoms  such  as  Ca2  are 
due  to  emission  from  one  dissociative  state  only,  correlated  to  one  ('P+  *S)  atomic-limit 
state,  so  that  no  dynamics  are  involved  in  the  process.  In  contrast,  when  Ca2  is  replaced 
by  dimers  of  open-shell  atoms,  such  as  Na2  or  Li2  dissociated  by  one  or  two  photons, 
the  atoms  evolve  into  an  ungerade  or  g erode  superposition  of  several  doublet  states  of 
the  form  2PJ+2S1/2,  with  j  =  \  or  j  values  of  the  angular  momentum  and  ft  =  0,  ±1,  ±2 
values  of  its  projection  onto  the  inter-nuclear  axis.  In  such  systems,  the  interatomic 
ungerade  or  gerade  ringing  pattern  will  interfere  with  quantum  beats  at  the  doublet 
splitting  frequency,  S,  associated  with  the  superposed  doublet  states.  The  resultant 
time-resolved  pattern  will  contain  ‘superbeat’  frequencies  8±ky,  in  Edition  to  the  pure 
ringing  frequency  kv.  The  sensitivity  of  this  pattern  to  the  amplitudes  and  phases  of 
the  emitting  doublet  states  and  the  relationship  of  these  parameters  to  the  dissociation 
dynamics  is  the  key  point  of  our  work.6 

The  choice  of  an  atomic  system  for  the  demonstration  of  such  effects  is  dictated 
primarily  by  the  ability  to  resolve  the  beat,  in  time.  This  makes  Li  particularly  attractive, 
because  its  doublet  splitting  is  so  small  (5 *>  10los" '),  50  times  smaller  than  that  of  Na. 
Whereas  S  is  fixed  for  each  system,  the  ringing  frequency  kv  can  be  modified  by  using 
different  wavelengths  for  the  photodissociating  radiation.  High  velocities  ( v  s*  10“  cm  s'” 
in  Li2)  are  preferable  for  two  reasons:  (i)  the  interesting  superbeat  features  become 
more  distinct  as  the  ringing  and  beating  frequencies  become  comparable  and  (ii)  the 
ringing  period  becomes  much  shorter  than  radiative  lifetime,  allowing  the  observation 
of  several  ringing  peaks  before  the  signal  disappears.  At  such  velocities  the  system 
evolution  can  be  divided  into  two  distinct  stages:  the  preparation  stage  leading  to  the 
asymptotic  superposition  state  (at  separations  beyond  Rc),  followed  by  the  emission 
stage ,  extending  up  to  separations  of  several  wavelengths. 

2.  The  Preparation  Stage 

As  an  illustration  of  the  ideas  discussed  above,  we  consider  the  photodissociation  of  a 
homonuclear  diatom  through  the  fl  =  0+channel:  '£*  g)  — ►  2Pf  +  2S,/2  ( j  =  \ ,  5).  In  order 
to  keep  to  the  selected  single  channel,  two  conditions  must  prevail:  (a)  Coriolis  coupling 
(AH  =  1 )  to  other  excited  electronic  states  must  be  precluded.  This  is  achieved  by  cooling 
the  diatomic  beam  so  that  low  values  of  nuclear  angular  momentum  predominate.  For 
sufficiently  large  velocities  (v  ^  10J  cm  s'3  in  Li2)  the  Coriolis  coupling  is  then  negligible 
compared  to  the  radial  non-adiabatic  coupling.1  ( b )  The  fl  =  1  dissociation  channel 
'n;(f>— jPj  +  2S,/2  should  be  avoided  by  selecting  '!*„  excitation  only.  The  l'S*  state 
in  Li2  is  uniquely  selected  in  the  Francke-Condon  region  upon  exciting  the  ground 
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rovibronic  state  by  a  photon  whose  energy  lies  between  2.879  and  3.154  eV.  In  this 
excitation  range  the  1  fIIu  state  can  decompose  only  very  slowly  via  tunnelling,  as  seen 
from  the  potential-energy  curves.7-8  The  separation  velocities  attainable  in  this  range 
are  =s5  x  105  cm  s'1.  Higher  velocities  can  be  accessed  by  exciting  the  2  '1*  state  via 
simultaneous  absorption  of  two  counter-polarized  photons. 

Under  the  conditions  specified  above,  the  ‘2u(g)  state  excited  in  the  Franck-Condon 
region  is  mixed  subsequently  (by  spin-orbit  coupling)  with  the  f!  =  0+  component  of 
the  3nu(g,  triplet,  forming  two  adiabatic  states  outside  the  domain  of  short-range  forces 
^  1  nm).  These  states  have  the  form 

|±>-a*(H)|I>  +  0±(H)|II>  (1) 


using  as  a  basis 

|I>=‘2w 

|II>  =  2-,/2[3nw(A  =  -1,  Sz=  l)-3nw(A=  1,  Sz=  -1)]  (2) 


with  w  =  u  or  g  as  the  parity.  The  coefficients  a±(R),  /Ml?),  and  energies  e±(R)  of  the 
adiabatic  states,  are  obtained  by  diagonalizing  the  Hamiltonian  matrix9 


hw(  n  =  o+)  = 


(Vi(R) 

V26/3 


V2S/3  \ 

V„(R)-8/3j 


(3) 


where  Vv(m(R)  is  the  dipole-dipole  interaction  in  the  |I)(iII»  state  and  8  is  the 
fine-structure  splitting.  One  can  easily  show  that  at  separations  where  the  dipole-dipole 
interaction  dominates  the  |-)(|  +  »  state  is  selectively  populated  for  u(g)  parity  in  the 
Franck-Condon  region.  In  the  asymptotic  range  (where  the  fine-structure  splitting 
dominates),  the  adiabatic  states  attain  the  limiting  forms 

|-)  -  3-,/2(|I>-v/2|II));(y  =  i) 

( R»Rc )  (4) 

|  +  )  -  3~,/2(V2|I)  +  |II);  (j  =  \) 

which  are,  respectively,  the  lower  and  higher  doublet  states. 

The  intemuclear  radial  motion  causes  time-dependent  mixing  of  the  adiabatic  |  ± ) 
states  in  the  region  extending  beyond  Rc .  The  non-adiabatic  character  of  the  wavefunc- 
tion  formed  by  this  mixing 

|¥>  =  MOI  +  >+MO|->  (5) 

depends  strongly  on  the  separation  velocity  v.  We  calculated  this  wavefunction  by  the 
approximate  semiclassical  model  of  radial  coupling10  (neglecting  Coriolis  coupling  as 
discussed  above),  in  which  the  Schrodinger  equation  can  be  brought  to  the  form 

P++=/(p+-  +  p— )  =  -p-- 

P+-  =  P*+  —  iep+--f(p++  -  p__)  (6) 

where 

e  =  £+(/?)-«-(/?) 

/=-[«+(*)<UK)  +  /UK)0-(K)].  (7) 

Here  p,j  =  b,bf  are  the  density-matrix  elements  (in  the  Schrodinger  picture)  with  i,j  =  + 
or  -. 
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Fig.  1  shows  the  separation  dependence  (or,  equivalently,  time  dependence)  of  the 
parameters  completely  specifying  the  non-adiabatic  wavefunction:  (a)  the  population 
of  the  initially  unexcited  state  p++  (in  the  ungerade  case),  (6)  the  amplitude  of  the 
coherent  mixture  A  =  2|p+_|  and  (c)  the  cosine  of  the  non-adiabatic  phase  <£>( t )  = 
arg(b+/b_)-f'  e  dt'. 

The  results  drawn  for  three  different  velocities  indicate  the  gradual  transition  from 
adiabatic  to  strongly  non-adiabatic  behaviour  as  the  velocity  increases.  At  the  largest 
velocity  (dash-dot  curve)  the  ‘sudden  collision’  limit  is  reached.  In  this  limit  the  character 
of  the  'lu  state  does  not  change  when  passing  through  the  region  of  dynamical  coupling, 
because  spin  does  not  have  enough  time  to  couple  to  the  orbital  momentum.  Then 
p++=»|<  +  |'2*)2*»|.  Fig.  l(a)-(c)  demonstrates  that  the  dynamical  parameters  rapidly 
approach  their  asymptotic  values  beyond  R  =  20  nm,  a  separation  that  is  much  smaller 
than  the  emission  wavelength  and  (for  the  velocities  considered)  corresponds  to  times 
too  short  for  significant  emission  to  occur.  We  can  therefore  use  these  asymptotic  values 
as  initial  conditions  for  the  emission  stage,  which  we  examine  after  a  time  delay  tD  =  RD/v 
chosen  at  will  for  any  RD  well  beyond  Rc  (here  RD  =  50  nm). 


3.  The  Emission  Stage 

The  system  is  now  in  a  coherent  superposition  with  time-independent  amplitudes  (for 
t  >  tD)  of  the  two  adiabatic  states  |  ± ),  which  are  correlated  to  different  doublet  levels 
and  symmetrized  in  accord  with  their  parity  and  ft  =  0+  projection.  This  superposition 
oscillates  at  the  frequency  e  [eqn  (6)]  which  is  now  close  to  the  doublet  splitting  S, 
with  a  weak  time-dependent  perturbation  owing  to  the  long-range  (retarded)  dipole- 
dipole  coupling.  Since  this  coupling  is  also  part  of  the  cooperative  emission  process,4 
one  can  make  a  smooth  transition  from  the  equations  of  motion  (6),  upon  setting  /**  0 
at  t  >  rD,  to  the  corresponding  equations  for  a  radiatively  coupled  pair  of  atoms  whose 
cooperative  excitation  energies  are  split  by  s(t).  Such  equations  are  obtainable  using 
a  generalized  master-equation  approach  developed  by  Agarwal."  In  ref.  (4)  a  master 
equation  is  derived  for  the  density  operator  of  many  radiatively  coupled  identical 
multilevel  fragments,  taking  account  of  their  motion.  This  equation  is  then  solved  exactly 
for  a  pair  of  two-level  atoms  (which  is  an  appropriate  model  for  dissociating  Ca2).  In 
the  present  case  the  master  equation  is  cast  into  a  set  of  equations  for  a  pair  of  three-level 
atoms  (doublet  and  ground  states).  They  are  then  solved  approximately,  by  using  a 
multiple  time-scales  expansion'2  in  the  small  parameter  y/e(f)«  y/S,  with  the  |  ±)  states 
as  the  basis. 

The  total  (spectrally  unresolved)  emission  rate  obtained  from  this  solution  for  the 
ungerade  case  varies  with  ?=  r  -  iD  as  follows:6 

P(f  =  /-tD)*£pt±(fD)(y  +  r±)exp  (y  +  r±)d?’ 

+  A(fD)Tc  cos  (St  +  d>)  exp  £  -  J"  (y  +  r+-r_)df'j  (8) 

where  A  =  2|p+_|  and 


r*~±(irn+}rs) 

r.-Vf(rn+rs).  (9) 

Here  rA[X(r)]  (with  A  =  2  or  II)  are  the  modifications  of  the  atomic  emission  rate  owing 
to  the  radiative  coupling.  They  exhibit  oscillatory  variation  with  R(t)  responsible  for 
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Fig.  2.  Temporal  dependence  of  the  emission  rate  ( - )  normalized  to  the  atomic  emission  rate. 

The  emission  rates  are  calculated  for  the  velocities  and  non-adiabatic  state  parameters  of  fig.  1. 
( - )  The  decay  rates  of  adiabatic  state  populations. 
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ringing  patterns  of  the  kind  observed  by  Grangier  et  al.2  for  a  single  excited  'Au  state, 
whose  emission  rate  has  the  form3,4 

f\(  n  -  Pa(  tD)[  y + rA(  ?)]  exp  [  -  { r<  y + rA>  d p]  ■ •  (10) 

The  pattern  in  eqn  (8),  valid  for  a  superposition  of  two  symmetrized  excited  states  at 
different  energies,  is  more  complex  than  that  of  eqn  (10),  not  only  owing  to  the  mixture 
of  ringing  decays  of  the  populations  p**,  but  also  due  to  the  term  expressing  the 
interference  of  the  |  ±>  states,  which  is  proportional  to  their  coherence  amplitude  A.  In 
this  term,  the  ringing  rate  Tc  is  modulated  by  the  asymptotic  quantum  beating  cos  ( 5?+  <f> ) 
and  is  the  source  of  the  superbeat  frequencies  S  ±  kv. 

Emission  patterns  calculated  from  eqn  (8),  using  the  same  three  velocities  as  in  fig. 
1  along  with  the  corresponding  asymptotic  values  of  p++,  A  and  </>,  are  displayed  in  fig. 
2.  The  broken  line  describes  the  ringing  population-decay  terms.  Their  rapid  superbeat 
modulations  are  clearly  discernible  at  low  velocities.  At  the  highest  velocity  used  [fig. 
2(c)]  the  quantum-beat  and  ringing  frequencies  become  almost  equal.  The  ringing 
population-decay  terms  have  an  initial  value  shifted  by  (j)  (p++-p__)  from  1  (the 
normalized  atomic  rate).  The  separation  between  its  maxima  and  minima  diminishes 
as  (I fc/?)~'(p+++5p-._).  The  envelope  of  superbeating  oscillations  is  symmetrically  posi¬ 
tioned  about  the  population-decay  terms  and  diminishes  as  (2 3/2 A/  kR).  The  dynamical 
phase  shift  <t>  can  be  deduced  from  the  number  and  location  of  superbeat  peaks,  the 
maxima  of 

cos  (Si+</>)  sin  fcof=]{sin  [(S-fct>)  ?+<£]  + sin  [(5  +  fct>)?+<£]}  (11) 

within  a  period  of  2 ir/ku.  A  similar  calculation  for  the  gerade  case  yields  reversed 
superbeats  with  <6  — ►  <j>  +  n.  One  may  conclude  from  the  figures  that  temporal  patterns 
detected  with  sufficient  accuracy  and  time  resolution  can  disclose  all  the  dynamical 
parameters  of  the  non-adiabatic  process. 


4.  Discussion 

The  major  conclusion  of  this  work  is  that  time-resolved  emission  stores  valuable  informa¬ 
tion  on  the  coherent  character  of  non-adiabatically  dissociating  open-shell  atomic  pairs, 
notably  on  the  phase  of  superposed  fine-structure  states  emerging  from  the  reaction. 
Such  information  can  be  used,  e.g.  to  determine  the  orbital  polarization  of  the  spin-orbit 
products  as  a  function  of  non-adiabaticity.  It  is  also  important  as  an  experimental  test 
of  the  simplified  semiclassical  model910  used  in  section  2  versus  fully  quantal  calcula¬ 
tions.13  The  phase  is  much  more  sensitive  to  the  accuracy  of  the  calculation  than  the 
populations,  as  it  accumulates  as  a  function  of  R{t)  over  several  multiples  of  2ir  at 
certain  velocities  [fig.  1(c)]. 

The  observation  of  such  effects  in  Li2  at  any  dissociation  velocity  requires  a  temporal 
resolution  better  than  ca  30  ps  (3  points  per  beating  period).  The  weakness  of  the 
detectable  signal  from  a  molecular  beam  poses  a  greater  difficulty  as  the  radiative  lifetime 
of  the  emitting  atomic  transition  in  Li(6407  A)  is  rather  long  (1.6  x  10~7  s).  Enhancement 
of  the  emission  rate  within  sufficiently  short  time  intervals  («30  ps)  may  be  the  clue  to 
the  detection  problem. 
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The  general  quantum-mechanical  treatment  of  coherence  effects  in  the 
polarization  of  the  fluorescence,  as  well  as  in  the  orientation  of  photofrag¬ 
ments,  is  reviewed.  They  are  the  result  of  simultaneous  excitatin  of  dissocia¬ 
tive  electronic  states  with  different  symmetry  correlating  to  the  same  limit. 
The  coherent  excitation  produces  interferences  which  depends  both  on  the 
photoabsorption  probability  amplitudes  as  well  as  on  the  relative  phases  of 
the  continuum  vibrational  wavefunctions  at  large  distances.  Oscillations  in 
the  polarization  degree  of  photofragments  fluorescence  as  a  function  of  the 
photon  energy  are  predicted.  Examples  are  presented  in  the  case  of  direct 
dissociation  of  diatomic  molecules.  The  case  of  slow  predissociation  is  also 
analysed.  Finally,  possible  extensions  to  the  photodissociation  of  polyatomic 
molecules  are  considered. 
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1.  Introduction 


The  ultimate  goal  of  photofragmentation  studies  is  to  obtain  the  most  detailed  state-to- 
state  cross-sections.  These  include  final  electronic,  vibrational  and  rotational  branching 
ratios  and  also  vector  properties  such  as  alignment  and  orientation  of  photofragments. 16 
The  degree  of  alignment  and  orientation  in  turn  determines  the  polarization  of  photofrag¬ 
ments  fluorescence  and  effects  laser-induced  measurements.  Since  the  pioneering  theo¬ 
retical  prediction  by  van  Brunt  and  Zare7  in  1968,  several  experimental  and  theoretical 
studies  have  dealt  with  polarization  of  the  light  emitted  by  photofragments.8'24  Recently, 
the  importance  of  coherence  effects  on  the  degree  of  polarization  has  been 
emphasized. I7'20,25,26  One  particularly  striking  example  is  the  anomalous  polarization 
rate  of  the  Ca*(P)  fluorescence  observed  in  the  photodissociation  of  Ca2-  This  effect 
is  due  to  the  interference  between  the  emission  from  the  magnetic  sub-levels  ±1  coher¬ 
ently  populated  in  the  dissociation  of  a  II  molecular  state.  Consider  a  diatomic  molecule 
AB  excited  by  photon  absorption  to  a  dissociative  'll  state,  leading  to  A*('P)  +  B('S) 
fragments.  Since  A  =  ±1  for  a  II  state,  the  excited  A*('P)  fragment  is  populated  in  the 
magnetic  sub-levels  m,  „  *  ±  1  only  (the  intemuclear  vector  being  the  quantization  axis). 
Thus  A*  is  aligned.6  7  In  addition,  photodissociation  in  general  creates  a  coherent 
superposition  of  the  mLA  =  ±  1  atomic  magnetic  sub-levels.  For  linearly  polarized  light, 
the  degree  of  polarization  of  the  atomic  fluorescence  defined  by: 
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2  Polarization  of  Photofragments 

(where  /j  and  IL  refer  to  the  direction  of  the  incident  polarization)  is  dramatically 
affected  by  this  coherence.1819  In  the  Ca2  case,  for  example,  a  degree  of  polarization 
of  P  =  0.64  has  been  measured18  which  is  larger  than  the  maximum  allowed  polarization 
(p  =0.5)  predicted  by  the  classical  theory  as  well  as  by  the  quantum  theory  when 
coherence  is  ignored. 

Other  coherences  can  be  produced  in  the  populations  of  the  magnetic  sub-levels.17  23 
Consider,  for  example,  the  case  discussed  above,  namely  the  AB  molecule  dissociating 
into  A*(’P)  +  B('S)  fragments.  Two  molecular  singlet  states  ('ll  and  '£)  are  correlated 
to  this  limit.  They  can  both  be  populated  by  optical  absorption  from  the  '2  ground 
state  and  therefore  they  will  be  coherently  excited.  Since  the  'll  state  is  correlated  to 
A*(‘P,  mtA  =  ±1)  fragments  and  the  ‘1  state  to  A*(’P,  mtA  =  0)  fragments,  the  photodis¬ 
sociation  will  induce  an  additional  coherence  between  the  mLA  =  0  and  the  mLA  =  ±1 
magnetic  sub-levels.  As  opposed  to  the  former,  this  coherence  depends  on  the  ratio  of 
photoabsorption  amplitudes  for  excitation  of  the  'S,  and  rn  dissociative  states  as  well 
as  on  the  relative  phases  of  their  corresponding  vibrational  continuum  wavefunctions. 

Recently,26  a  quantum-mechanical  calculation  of  the  degree  of  polarization  of  Lya 
emission  in  the  photodissociation  of  H2,  leading  to  H(ls)  +  H(2p)  fragments,  has  been 
completed.  The  calculation  of  the  photodissociation  amplitudes  was  performed  by 
integration  of  the  time-independent  close-coupled  Schrodinger  equations  for  the 
B'('£)  and  C('II)  electronic  states  of  H2,  using  the  existing  ab  initio  potential-energy 
curves,28  31  adiabatic  corrections,32'33  non-adiabatic  couplings36  and  transition  dipole 
moments.37'39  The  photodissociation  amplitudes  were  in  turn  used  to  calculate  the 
polarization  degree  of  the  Ly„  fluorescence.  It  was  shown  that  coherence  effects  can 
produce  pronounced  oscillations  of  the  fluorescence  polarization  as  a  function  of  the 
photon  energy,  and  that  these  effects  are  amenable  to  experimental  evidence. 

The  polarization  of  photofragments  fluorescence  was  calculated26  using  the  density- 
matrix  formalism  in  the  molecular  frame  and  within  the  axial  recoil  approximation. 
This  is  usually  valid  in  the  case  of  direct  dissociation,  but  definitely  does  not  apply  for 
slow  predissociation.  In  some  recent  experiments,27  the  degree  of  orientation  of  the 
fragments  in  the  dissociation  of  a  triatomic  molecule  has  been  measured  directly  by 
laser-induced  fluorescence.  It  thus  seems  important  to  have  a  general  formalism  which 
not  only  provides  the  degree  of  polarization  of  photofragments  fluorescence  including 
all  effects  due  to  rotation,  but  which  also  gives  directly  the  alignment  and  orientation 
of  the  products. 

In  this  paper,  we  review  the  general  theory  of  molecular  photodissociation  into  two 
fragments  using  the  density-matrix  formalism  in  the  laboratory  frame  and  apply  it  to 
the  cases  studied  before  as  well  as  to  the  case  of  slow  predissociation.  The  presentation 
follows  the  general  lines  of  Vasyutinskii's  work17  on  orientation  of  atoms  in  the  photodis- 
sodation  of  diatomic  molecules.  Particular  attention  is  paid  to  the  proper  description 
of  the  vibrational  continuum  wavefunctions  in  the  case  where  non-adiabatic  transitions 
take  place.  We  also  show  how  this  general  treatment  can  be  applied  to  polyatomic 
photodissociation. 

The  paper  is  organized  as  follows.  In  section  2  we  present  the  general  formalism. 
Section  3  is  devoted  to  the  case  of  direct  dissociation,  while  section  4  deals  with 
predissociation.  Finally,  in  section  5  we  discuss  the  application  to  polyatomic  molecules. 


2.  General  Quantum-mechanical  Treatment 
(A)  Phot  of  ragmen  ts  Fluorescence  Cross  section 

We  are  interested  in  describing  a  process  in  which  a  moleclar  system  initially  in  a  discret 
state  |a,)  is  excited  by  photon  absorption  to  a  coherent  superposition  of  a  set  of  continuum 
eigenstates  |ad,  *d),  where  ed  is  the  relative  kinetic  energy  of  the  fragments  in  channel 
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d,  which  subsequently  decay  into  some  final  continuum  states  |af,  ef)  by  photon  emission 
(see  fig.  1).  The  partial-differential  cross-section  for  this  process  is  given  by: 


d1a 


f 


de, 


kfdec 

(af,  CfjP-  ef|ad,  ed)(ttd,  ed|P-  gflttj) 
'  E  —  ed—  fVd  +  ird 


(1) 


S(E  -  er-  Wr-  hckf) 


where  k,  and  k{  are  the  wavevectors  of  the  incident  absorbed  and  the  final  emitted 
photons,  respectively,  while  e ,  and  ef  are  the  corresponding  polarizations.  Wd  and  Wr 
are  the  asymptotic  ( i.e .  for  infinite  fragment  separation)  energies  for  channels  d  and  f, 
and  Td  is  the  radiative  linewidth  of  the  emitting  state.  Finally,  D  is  the  transition  dipole 
operator  and  E  is  the  total  initial  energy  of  the  system,  E  =  E,-  tick, . 

We  now  invoke  the  usual  assumptions  concerning  dissociation,  namely  that  photon 
emission  during  the  fragmentation  is  negligible.  In  this  case  the  main  contribution  to 
the  matrix  elements  ( af ,  e^D  •  ef|ad,  ed)  comes  from  the  asymptotic  region  (the  photon 
emission  occurs  at  very  large  R).  In  that  region  the  continuum  wavefunctions  can  be 
written  in  terms  of  incoming  and  outgoing  spherical  free  waves.  Since  we  are  interested 
here  in  a  dissociating  event,  we  choose  the  particular  asymptotic  form  denoted  by 
|<*d»  Ed"’)  having  incoming  waves  in  all  channels  and  a  single  outgoing  wave  in  channel 
d.  Hence,  for  energy-normalized  eigenstates, 


1/2 


s*  ~ 

*Jad«d 


exp(-iKdK) 


l“d>j 

(2) 


where  K  =  (2 ne ) 1/2 /  ti,  ft  being  the  reduced  mass  for  the  relative  motion  of  the  fragments, 
is  the  de  Broglie  wavevector  associated  with  the  dissociation  coordinate  R.  In  eqn  (2), 


n*.i.  Schematic  potential-energy  curves  for  photodissociation  of  a  diatomic  molecule. 
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|a)  are  eigenvectors  for  all  other  degrees  of  freedom  of  the  system:  orientation  of  the 
recoiling  axis  as  well  as  all  the  internal  degrees  of  freedom  of  the  fragments.  Since  |a) 
channels  are  usually  coupled  at  finite  R,  the  asymptotic  behaviour  of  [ad,  ed_))  involves 
a  linear  combination  of  all  |ad>  channels  as  expressed  in  eqn  (2).  The  coefficients  of 
this  expansion  are  related  to  the  matrix  elements  Sa<j5d  of  the  scattering  S  matrix.  The 
same  asymptotic  form  applies  to  the  continuum  final  state  |ar,  Cf-*). 

Using  eqn  (2)  into  the  matrix  elements  (au  e\D  •  e^ad>  ed)  in  eqn  (1),  and  performing 
the  integrations  over  ed,  er  and  R,  one  obtains  (see  Appendix): 


a*; ar  *•£**£ 


<0ff]l> •  ef|gd)(ad,eii  jPj_ef|ai) 
hckt-{Wd-Wf)  +  iri 


(3) 


which  is  sum  of  Lorentzian  functions  having  widths  Td  and  centred  on  the  fragments’ 
transition  energies  ( Wd  —  VVf).  Finally,  after  integration  of  eqn  (3)  over  kf  we  find 


rir  =  4irfci  I  p„d^Da.„d  =  4irkiTr(pD) 

04 if  «d^d 

where 

P  =  («d,  ®d_,|D  •  ef  Oi)<ai|D •  *j|ad,  edl_)> 
is  the  excitation  density  matrix,  while 

y  /kl  +  k'A  (a’d\D-  eflaMD-e^) 
aia  “  v  2  /  (ri+r^-u^-v^) 

with  hckr  =  Wd-Wf  ir  -  Wd -  Wf  and  hck’f  =  W'd-  Wr+il'^  W’d-  Wr,  is  the  detec¬ 
tion  matrix.  It  is  clear  from  eqn  (6)  that  only  terms  with  |  Wd- Wd|s(r;,  +  rd)  are 
significant.  Therefore,  in  addition  to  the  diagonal  terms,  the  only  off-diagonal  terms 
which  need  to  be  retained  are  those  corresponding  to  degeneracies  since  (except  for  H) 
fine  and  hyperfine  structure  levels  have  energy  spacings  which  are  generally  large  as 
compared  to  the  radiative  width. 

Notice  that  the  partial-differential  cross-sections  defined  in  eqn  ( 1 )  and  (4)  correspond 
to  excitation  from  a  well  defined  initial  state  Icej).  In  the  usual  situation  an  ensemble 
of  |ai>  states  are  incoherently  populated  in  the  initial  state.  The  excitation  matrix  p 
should  then  be  calculated  using  eqn  (5)  multiplied  by  the  population  of  |«j>  and  sum 
over  all  initial  sltates. 


(4) 

(5) 

(6) 


(B)  Rotational  Basis  Sets 

We  now  turn  to  the  specification  of  the  basis  sets  used  to  describe  the  overall  rotation 
of  the  molecule  and  the  internal  degrees  of  freedom  of  the  fragments.  Two  obvious 
choices  are  possible:  the  molecular  or  ’body-fixed’  basis  set  and  the  ‘space-fixed’  basis 
set.  In  the  body-fixed  system  we  write  the  wavevectors  as: 

=  (7) 

with: 

\J ^  0)  (8) 

where  the  DJm„(a,  p,  y)  are  the  rotational  Wigner  functions.  In  eqn  (7.)  and  (8)  J  denotes 
the  quantum  number  associated  with  the  total  angular  momentum  J,  M  the  projection 
of  J  on  the  laboratory  z  axis,  and  (l  its  projection  on  the  molecular  axis  R.  The  polar 
angles  0R  and  specify  the  orientation  of  the  molecular  axis  R  in  the  laboratory 
system  of  reference  (see  fig.  2).  Finally,  |jfl)  are  the  eigenvectors  describing  all  internal 
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degrees  of  freedom  of  the  fragments,  j  -  jA  +jB  being  the  fragment’s  total  angular 
momentum.  We  have  J=j  +  I,l  being  the  orbital  angular  momentum  associated  with 
the  relative  motion  of  the  fragments.  We  notice  that  since  J  and  M  are  good  quantum 
numbers,  the  scattering  matrix  S  in  eqn  (2)  is  diagonal  with  respect  to  them.  On  the 
other  hand,  fl  is  a  good  quantum  number  for  R  — *  oo,  but  only  an  approximate  one  for 
finite  R. 

In  the  space-fixed  system  we  write  instead: 


| jUM)=  I  (-)J-'+M(2J+l)t/2(  j  ‘ 

mfm,  \  Wj  tftf 

_  ^  ^  1  *Pjmj  )  1  ) 

(9) 

where 

<jS|y(m,>=  y)m,(0*,<M 

(10) 

are  the  spherical  harmonics.  In  eqn  (9),  the  internal  eigenstates  |  jntj)  refer  now  to  the 
space-fixed  system.  Between  the  two  basis  sets  there  is  the  transformation: 

1 

(ID 

with 

/^=(-r,+n(2/+i),/2(^  ' 

a) 

(12) 

and 

rkjM.^,  =  (-)M‘n( 2/+l),/J(2/+l>'/3('  l0 

J)(‘  1  'Y 

fl/  \ntj  m,  -M) 

(13) 

6  Polarization  of  Photofragments 

Since  we  are  interested  not  only  in  the  calculation  of  the  fluorescence  cross-section 
but  also  in  the  degree  of  alignment  and  orientation  of  the  fragments,  it  is  more  convenient 
to  express  p  and  D  in  the  laboratory  frame.  On  the  other  hand,  p  is  much  more  easily 
calculated  in  the  body-fixed  frame.  Using  the  transformation  (11)  we  can  write: 

=  4irkj  Tr  (p<s0D<s0)  =4irkj  Tr  (T~' p(bf)TD,an).  (14) 

$4  If 


(C)  Excitation  Density  Matrix  in  the  Body-fixed  Frame 

We  begin  by  the  calculation  of  p(bf).  The  dissociative  eigenstates  |ad,  can  be  written: 


l“d,£d  ’)—  5 

JdOj  / 


where,  according  to  eqn  (2), 

(\ 1/2 

2 IrithV 

T  exp(iKdR)  (KAl/\j  .  exp  (-iX^H  .  , 

(16) 

Similarly,  it  is  convenient  to  expand  the  initial  eigenstate  |at4>  in  terms  of  the  body-fixed 
rotational  basis  set.  Hence,  we  write: 

l«i)  =  Ini  |<P&,>|ftiK.Mi>.  (17) 

Using  eqn  (16)  and  (17),  the  matrix  elements  of  the  electric  dipole  operator  are  given 
by 

<«.!»•  e|«a, 

where  we  have  defined  the  reduced  matrix  elements: 

«|D|WW-,«i'*)-IZ  I  (-)y-'n'(2Jd+l) 

s  n, /dfid 

i  -n )<^.|(d)>^a>-  <«> 


In  eqn  (18), 


(«)o  =  («)i;  («)*i*T^=[(e)x±i(«)y] 


are  the  tensoria!  components  of  the  polarization  vector  in  the  space-fixed  system,  while 
in  eqn  (19), 

(D)0-(D),.;  (D)±I  =  T^[(D),.±i(D),,]  (21) 

where  1 1|  R,  are  the  components  of  the  electric  dipole  operator  in  the  body-fixed  system. 
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Using  eqn  (18)  and  after  averaging  over  Mit  assuming  the  molecule  is  initially 
randomly  orientated,  one  obtains: 

„(bf>  _  V  _ 2K  +  1 _ 

Jq  V[(2Jd+ l)(2/d+ 1)]  k<?  ' 

fi  i  xi/yd  rd  k\ 

Ui  h  jJ\Md  -M'd  -Q) 
x  (J,\\D\\M^Ja,  e^YWWj'^J',,  e^>)  (22) 

where  X  can  only  take  the  values  0,  1  and  2,  and 

i  9  <*> 

is  a  function  which  depends  only  on  the  polarization  vector  e.  For  linearly  polarized 
light  along  z,  for  example,  Q  =  0  and  FKQ  is  different  from  zero  only  for  X  =  0  and  X  =  2. 


(D)  Excitation  Density  Matrix  in  the  Space-fixed  Frame 

The  next  step  is  to  transform  p(bn  to  the  space-fixed  frame  using: 

P mf  ^  21  ^1^11^,1,111,  Cm;  (2d) 

d  ,  d  ndjdMd  d  d 

with  the  transformation  matrix  T  being  defined  by  eqn  (12).  Actually,  since  the  detection 
matrix  D  is  independent  of  the  orbital  angular  momentum  1  and  we  have  assumed  that 
different  jd  have  spacings  larger  than  their  radiative  widths,  we  are  only  interested  in 
the  reduced  density  matrix  pr£>  ;  =  .  Using  eqn  (24),  (22)  and  (12)  and 

performing  the  sum  over  l  an  a  m ,,  one  obtains: 

P(4ta-I  (-Yd+m'‘(2K-H)(Jj,  h  h  K\p^FKO(e,)  (25) 
d  d  kq  \mjd  -mjd  -mJd  Q/ 

with 


^}<^HO||jdftdyd,  ed->> 


(26) 


which,  using  eqn  (19),  can  be  explicitly  written  as: 

J’fc’-ZZZZZZ  (-)/d'vn’-ft;(2Jd+i)(2yi+i) 

o dJd  n iJi  q<t'Q'  n,n:  od  ;drid 


x 

x 


j ; 

M 

(  ja 

h 

M 

//d  i  \(J'o  i  n 

-Hi 

-Q'J 

\-ni 

fld 

-<?/ 

\Ad  q  -0,/Vfc  q'  -M 

1 

h 


(27> 


Note  at  this  point  that  with  the  definition  given  by  eqn  (25),  the  product  P(K>FKQ(ei) 
is  directly  related  (for  0-0)  to  the  population  (X  -0),  orientation  (X  =  1),  and 
alignment  (X  -2)  of  the  fragments.  Some  well  known17  general  conclusions  can  be 
made  by  inspection  of  eqn  (23)  and  (26).  First,  orientation  cannot  be  obtained  with 
linearly  polarized  light  since  in  that  case  F*0-0  for  X-l.  On  the  other  hand, 
orientation  of  a  fragment  can  be  obtained  with  circularly  polarized  light  except  for  a 
dissociative  £  state  (one  of  the  3 -j  coefficients  in  eqn  (26)  is  zero  in  that  case). 


8  Polarization  of  Photofragments 

It  is  clear  from  eqn  (26)  how  coherence  effects  in  the  alignment  and  orientation  of 
the  fragments  (and  hence  in  the  fluorescence  polarization)  will  appear.  They  come  from 
the  terms  in  the  sum  involving  Hd  #  .  They  are  of  two  types.  The  first  involves  terms 

with  fld  =  ±1,  fld  =  =Fl,  i.e.  for  II  states.  They  were  discussed  in  detail 18,19'25  in  connexion 
with  the  anomalous  degree  of  polarization  found  in  the  photodissociation  of  Ca2.  It 
corresponds  to  Q'  =  fld  -fld  =  ±2  and  therefore  it  will  only  show  in  the  alignment  (K=  2) 
and  not  in  the  orientation  (K  =  1)  of  the  photofragments.  The  other  possible  coherence 
effect  arises  when  two  states  of  different  symmetry  (ftd  =  0  and  nd  =  ±l,  for  instance) 
are  excited  simultaneously.25  In  the  particular  case  of  Q'  =  ftd-nd  =  ±1,  it  is  possible 
to  observe  this  coherence  in  the  alignment  but  also  in  the  orientation  of  the  fragments. 
It  is  obvious  from  eqn  (26)  and  (27)  that  coherence  effects  involving  states  with  different 
symmetry  will  depend  not  only  on  the  absolute  value  of  the  dissociation  amplitudes 
<Wn ,l(D)q(<pfy  but  also  on  the  relative  phases  of  the  vibrational  continuum  wavefunc- 
tions.  In  general  the  amplitudes  are  slowly  varying  functions  of  the  energy  while  the 
phases  are  more  rapidly  changing.  Therefore  an  oscillating  behavior  of  all  vector 
properties  (alignment,  orientation,  polarization)  is  expected.25 


(F)  Fragments’  fluorescence  intensity 

We  turn  now  to  the  calculation  of  the  fluorescence  cross-section,  eqn  (4),  which  will  be 
given  by: 


do 

dClr 


=  47rfciTr(p(sf,D<,f))  =  47r*i  £  p^'  D(V 

_  mJ0  'a 


with 


Using 


r"  E  Odm'jD •  et\jfmj)(jfmj,\D ■  e^mj. 

d  ntj 


(jrmj,\D  ■  =  £  (-)>rm"+P(^)(*f)-P 

X(m  1 

\mjd  P  ~miJ 


we  finally  obtain 


'{)  '  f}l0rl|O|7d>||2 

Ud  Ja  Jf) 


where 


(28) 


(29) 


(30) 


(31) 


FK(euet)  =  (2K  +  l)£  FKQ(e^F*KQ(er).  (32) 

o 

Eqn  (27)  provides  the  density  matrix  for  the  production  of  fragments  in  states  | jdmM) 
specified  by  an  angular  momentum/,.  In  the  general  case  the  fragments  will  both  have 
angular  momenta  and  jB  different  from  zero,  and  jd  =  jA + jB .  Since  we  are  interested 
here  in  the  emission  from  one  of  the  fragments  (say  A),  the  detection  matrix  D  factorizes 
in  a  product  of  two  matrices  one  for  fragment  A  and  another  (diagonal  and  unity)  for 
fragment  B.  It  will  then  be  more  convenient  to  work  with  the  product  basis  set 
\jA"tJt)\jBmjJ  instead  of  |;dm^>. 
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(E)  Angular  Momenta  of  the  Fragments 

The  transformation  between  the  two  basis  sets  is  simply  given  by 


with 


^ 0 a ja mu )  =  (-)'*  J*+mJ2jti+ 1),/2( 


(33) 

Ja 

7b  Jd  \ 

(34) 

mh  -mj' 

The  elements  of  the  excitation  density  matrix  in  which  we  are  interested,  will  then  be 
given  by 


,<>*>  = 
"Vm'A 


=  I  I  I  C  (jAmu ,  jBmh ;  UntjJp(^m.C(j'Am'jA ,  jBmJe,  m'id) 


with 


with 


'A+m-A(2A:  +  l)| 

(Ja 

i  i 

Ja 

K> 

|  PfrJMFKQ(e,) 

(35) 

- 

Q) 

,(_)iA-WK(2l  +1) 

Ja 

pUKJti d) 

(36) 

IJd 

Jd 

Jb  J  K 

(h  K 

M/ 

Jd 

Jd 

K  ) 

\fld 

'<?'/ V 

-fti 

fid 

-Q7 

x{j  Jd  ^J<y,IIOIIuJBjanaJ<s, 

=  I  I  I  I  I  I  I  I  (-)^-ft-n;(2/d+l)(2Ji  +  l) 

fld^  fl^d  W'Q'  Hjfti  Jdfld  Jd«d  /a/b  Ja/b 

4i  *  \/  h  h  k\(j d  1  /, \/Ji  i  /,  \ 

Ud  -in  -<?v  \-ftd  nd  -o,/\Od  q  -ivvftd  q'  -n J 

*{j,  [  jjw®), •  (37) 

which  has  essentially  the  same  form  as  P*"’  given  in  eqn  (26)  and  (27),  except  for  the 
explicit  dependence  of  the  dissociation  matrix  elements  on  jA  and  jB.  Note  that  P^aW 
reduces  to  P^<’  when  jB  =  0. 

By  the  same  calculation  conducting  to  eqn  (31)  it  is  possible  to  write  the  fluorescence 
cross-section  as: 

)  jWiwr  (38) 

WA  J  A  JA) 

where  we  have  denoted  by  jA  the  angular  momentum  quantum  number  for  fragment  A 
in  the  final  state  after  photon  emission. 

Eqn  (35)-(38)  together  with  the  definitions  of  FK  and  FKQ  given  in  eqn  (23)  and 
(32),  constitute  our  general  expressions  for  the  excitation  density  matrix  of  the  photofrag- 
mentt  in  the  laboratory  frame  ,  the  alignment  and  orientation  degrees  given  by 

/W*Vd)pK<?(#(),  and  the  fluoresceflceAcross-section  provided  by  eqn  (38).  They  can  be 
applied  to  any  photofragmentation  process  involving  a  molecular  system  breaking  into 
two  fragments  induced  by  electric  dipole  transitions. 
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3.  Direct  Dissociation  for  Diatomic  Molecules 


A.  Axial  Recoil  Approximation 


Eqn  (37)  can  be  simplified  in  the  axial  recoil  approximation  in  which  one  assumed  that 
the  dissociation  matrix  elements  are  slowly  varying  functions  of  the  total  angular 
momentum  and  that  Od  is  a  good  quantum  number.  Therefore: 


(39) 


where  Jd  =  Jx,J,±\  have  been  replaced  by  the  average  7d  =  Jt  value.  Using  this  equation 
in  eqn  (37)  one  finally  obtains 


n5»in,(  y<,  +  fti  ‘  "((Hi-ni)  (fta-fti)  (Oi-ftd)) 
nd  (fii-nd))JVf“'jAji,-'dftaMn'J 


^JAJaJd^d 


where  we  have  defined 

^  ^ijAJlUd^d  <^n,l(D),n,-n.)Kr;^ 

•jAJaJdftd^* 


(40) 

(41) 


We  notice  from  eqn  (4)  that  in  the  axial  recoil  approximation  orientation  (K  =  1) 
cannot  be  obtained  for  a  parallel  transition;  Le.  for  ftj-nd  =  nj-ftd  =  0. 


(B)  Application  to  a  Simple  Case 

As  an  example  of  application  let  us  consider  the  simple  photodissociation  event: 


ABCS)  AB*(‘2,  TI) - ►  A*(’P)  +  B(’S)  A(’S)  +  B(‘S)  (42) 


where  a  diatomic  molecule  in  an  initial  state  ‘S  state  is  excited  simultaneously  to  a  "L 
and  a  ‘II  state,  both  correlating  to  the  same  limit  with  atom  A  being  in  an  excited  'P 
electronic  state  from  which  emits  a  photon  to  a  final  'S  state.  We  further  assume  that 
non-adiabatic  couplings  can  be  neglected  and  that  the  axial  recoil  approximation  is 
adequate.  In  our  notation  we  then  have:  7a=  I.Ja^O,  jB  =  0,  flj  =  0,  fld  =  0,  ±1.  Since 
the  atom  B  is  produced  with  total  angular  momentum  zero  we  shall  have  7d=jA=  1, 
jr =yA  =  0  and  we  can  use  eqn  (31)  with 


P<V=  l  (_y,*Vn4-oi(  1 

ndni  \U*r-ltd 


1 


i  (nd-fti)  (d'i 


K  ) 

i-nd)/ 


:(-n;  nd  (n;-nd))M"‘'‘n‘Mn'J<ni- 


(43) 


Using  the  explicit  values  of  the  3  -j  coefficients  we  obtain 
nn  =  -i{|Ms|J  +  2|Mn|2} 

P<,,’  =  i{|MnP-(MjMn+AfsMSn  (44) 

P{2  ’  =  +A{2|Ms|2 + 7|Afn|2  +  3(  Mn  +  MsMS)} 

where  we  have  denoted  by  Mx  and  Mn  the  dissociation  matrix  elements  into  the  £  and 
II  states,  respectively.  As  expected,  P,{>  is  zero  for  a  pure  £-»£  transition.  Using  these 
values  of  P  in  eqn  (31)  the  fluorescence  intensity  for  given  incident  et  and  final  e, 
polarizations  can  be  computed  and  the  degree  of  polarization  can  be  obtained  by  the 
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use  of  eqn  (1).  For  linearly  incident  polarization  (chosen  along  the  laboratory  z  axis) 
and  parallel  (z)  and  perpendicular  (x)  polarizations  of  the  emitted  photon,  we  have: 

(Fo),H;  (F.)i=0; 

(Fo)x  =  j;  <MFi)x  =  0; 


(F2)i  =  +§ 
(F2)x— | 


(45) 


and 


(S')  0Cn{3|M£|2  +  8Mn|J-2(M|Mn  +  MsMS)} 

\a»if/  || 

(S)  x  *  +  l^nl2  +  ( Mt  Mn  +  Af£  Af  g )}. 


(46) 


In  order  to  make  contact  with  earlier  calculations,  we  have  to  denote  diilerently  the 
dissociation  matrix  elements.  In  ref.  (17),  (19)  and  (25),  the  continuum  wavefunctions 
were  taken  to  be  of  the  form: 

*&<«)*-..- '  sin  (*„/?-*„,)  (47) 


where  is  the  asymptotic  phase  which  is  related  to  the  scattering  matrix  S  (which  in 
this  case  is  diagonal)  by  Snd.na  =  -exp(2i<£n<i)-  Comparing  now  eqn  (16)  and  (47),  we 
shall  then  have: 


I<pSL<_)  =  i  exp  (i<£nd) 


xkiR) 


|nd) 


(48) 


and 


Mj  =  i  exp  Mn  =  -i  exp  (<f>n)Afn  (49) 

where  Af£  and  Mn  are  the  real  dissociation  matrix  elements  using  the  vibrational 
continuum  wavefunctions  \  defined  asymptotically  by  eqn  (47).  The  minus  sign  in  the 
definition  of  Mn  corresponds  to  the  usual  phase  choice  for  the  electronic  wavefunction 
of  a  II  state.  With  these  definitions  we  find: 

p  m  (dtr/dSl f)n  ~  (dcr/ dQf)i. 

(dv/dClt)]  +  (d<T/d&')± 

2MI.  +  7 Mn+6MXMU  cos  (<for-<f>n) 

~  4Mi +  9Aff,  +  2MSM„  cos  (fc-  </>„) 

which  is  the  result  obtained  earlier.  In  particular  for  a  pure  X  -*  X  transition  (M„  =  0) 
we  obtain: 


Ps-s  =  |  (51) 

while  for  a  pure  X -*■  II  transition  (Ms  =  0): 

Px-n  =  5*0.78  (52) 

which  as  has  been  fully  discussed  before"19  is  much  larger  than  the  maximum  classical 
value  of  0.5.  It  should  be  emphasized  that  although  it  is  not  clearly  seen  in  eqn  (50), 
this  result  also  arises  from  a  coherence  effect  involving  Od  =  ±  1  states.  If  in  the  calculation 
of  P,  eqn  (43),  these  terms  are  not  included  the  result  given  in  eqn  (52)  to  P=  1/7*=  0.14, 
which  is  much  smaller  than  the  result  when  coherence  effects  are  included. 
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(C)  Fine  Structure 

In  the  preceding  example  we  have  considered  the  case  where  the  two  atomic  fragments 
where  in  singlet  states  and  the  atom  B  had  total  angular  momentum  zero.  Let  us  consider 
now  the  case  where  the  two  fragments  have  non-zero  momentum: 

AB('I)  AB*(%'  n) - ►  A*(2P)  +  B(2S)  A(2S)  +  B(2S).  (53) 

In  this  case  we  apply  eqn  (36)  and  (40)  with  jA  =  1/2,  3/2,  j'A- 1/2,  jB  =  1/2.  The 
function  PK  has  exactly  the  same  expression  as  before  [eqn  (44)]  except  that  the 
dissociation  matrix  elements  and  Mn  will  in  general  be  different  for  different  values 
of jA .  Their  actual  values  will,  of  course,  depend  on  the  dissociation  dynamics.  However, 
for  kinetic  energies  larger  than  the  fine-structure  splitting  the  dissociation  occurs  faster 
than  the  coupling  of  the  spin  to  the  orbital  angular  momentum.  In  these  conditions  the 
dissociation  probability  for  obtaining  a  particular  fine-structure  limit  will  be  given  simply 
by  the  weight  of  that  fine-structure  component  in  the  excited  molecular  wavefunction. 
For  molecular  wavefunctions  in  Hund’s  case  (a)  giving  fragments  with  orbital  angular 
momenta  LA,  LB  and  spin  angular  momenta  Aa,  5b,  we  have:20 

|AS2n>*.«=  I  C^b,\La  Aa>1LbAb>|S1> 

AaAb 

=  Z  I  I  I/a/b/ciH ) AAa a b A ssn,A y„ 

■fAjWd  AaAb  L 


A\aA  ,/ 


\L.-Ln+L-S  +  A  +  ft 


(25+  l)1/2(2yA+  1),/2(2/b+  1)i/2(2L+  l)l/2 


/  L  Lb  L\( A  S  ja\ 

AaA,a\aa  ab  a/U  2  a) 


Aa  j\ 
5b  jB 
S  U 


where  the  coefficients  CAaAbA  are  determined  by  the  electrostatic  interaction  at  large 
distances.  If  one  of  the  atoms  is  in  an  S  state  (Lb  =  0  for  instance)  then  the  sum  reduces 
to  only  one  term  and  the  coefficient  is  unity.  Furthermore,  if  the  total  spin  is  zero  (S  =  0) 
eqn  (55)  reduces  to: 


‘aoaooo jAj,)a  ■ 


v/(2/a  +  1) 

V[(25A+  l)(2y'd+ 1)] 


(_yA-sA->.6 


and  the  coefficients  A  are  independent  of  A.  Using  these  coefficients  we  write  for  our 
particular  case: 


=  (-)>a~3/j 


vm 


where  the  Mni  are  the  A/S.and  Mn  defined  in  eqn  (49).  Using  the  fact  that  the  emission 
matrix  elements  from  the  two  fine-structure  components  are  realted  by:  (j'A  =  1/2||D||/A  = 
3/2>  =  2<yA-l/2||D||/A=  1/2),  we  finally  obtain  for  excitation  with  linearly  polarized 
light: 

(do-/dAf)|,/2,  =  (5o-/aAr)l,/2,oci(5Mi+  lOAif,)  (58) 


(do-/^f)JJ/2,oc^(14A/|  +  34A/^  +  4A/IA/n  cos  (^-  *„) 
(da/dAf)<J3/2,oci(8M|+  13Mf,  -  2MzMn  cos  (fa  -  *„)■ 


M.  Glass- Maujean  and  J.  A.  Beswick  13 

The  polarization  of  the  fragments’  fluorescence  will  then  be  given  by:20-25 
P(,/2)  =  0 

,  ,  (60) 
p( 3/2)  _  6M|  +  21Mn+  18MsAfn  cos  <t>n) 

22M|+47Mn  +  6AfiMn  cos  ($x  —  <£n) 

which  show  the  effect  of  depolarization  due  to  the  fine  structure.  Actually,  although 
the  fine  structure  is  resolvable  in  principle,  in  some  experiments  the  two  emissions  are 
not  resolved  and  the  detected  intensities  are  just  the  incoherent  sum  of  the  emissions 
given  by  eqn  (58)  and  (59).  The  degree  of  polarization  is  in  that  case:20,25 

r  6Mt  +  21Mj1  +  I8M£Mncos(<fc-<fri) 

32Af|+67A/n+6A/sA/n  cos  (<!>%- 4>n)  ' 

which  is  of  course  lower  than  the  polarization  of  the  jA  =  3/2  component  since  the 
yA  =  1/2  component  is  unpolarized. 

* 

(D)  Effect  of  Non-adiabatic  Coupling 

When  coupling  occurs  between  the  continua,  it  is  no  longer  possible  to  write  the 
dissociation  matrix  elements  as  in  eqn  (49).  Instead  a  full  close-coupling  calculation  of 
the  <p(~’  wavefunctions  has  to  be  conducted  and  eqn  (61)  should  be  written: 

6|Mx|2+2l|Mnl2+9(MxM2i+M|Mn) 
32|MI|2+67|Mn|2+3(MsMfi  +  Af|M„)'  1 

An  interesting  situation  involving  such  a  case  is  constituted  by  H2  in  the  region 
above  the  threshold  for  production  of  H(ls)  +  H(2p)  fragments.  Since  the  potential- 
energy  curves,28-31  adiabatic  corrections,32  35  electronic  couplings36  and  the  transitions 
dipole  moments37"39  are  well  known  in  this  energy  region,  accurate  calculations  can  be 
performed.  In  addition,  with  the  development  of  synchrotron  radiation  sources  and 
vacuum  u.v.  (v.u.v.)  lasers,  it  will  be  possible  to  compare  theory  and  experiment  in  great 
detail.  Thus  H2  provides  a  particularly  stringent  test  for  the  predicted  coherence  effects. 
If  H2  is  initially  in  its  ground  state,  several  dissociative  excited  electronic  states  can  be 
populated  through  electric  dipole  transitions  in  this  energy  region:  B,  B\  and  C. 
Adiabatically,  the  B'  state  correlates  to  H(ls)  +  H(2s)  fragments.  Therefore,  in  the 
adiabatic  approximation,  only  the  B('£)  and  the  C('ri)  states,  which  correlate  both  to 
H(ls)  +  H(2p)  fragments,  are  relevant  for  determining  the  degree  of  polarization  of  the 
Ly„  emission.  The  adiabatic  approximation,  however,  does  not  hold  for  the  B('X)  and 
the  B'('I)  states  in  H2.  They  are  coupled  by  radial  non-adiabatic  terms  which  induce 
transitions  between  the  two  states  at  large  intemuclear  distances  ( R0  =  1 5  ao).40’4'  There¬ 
fore,  the  three  states  B,  B'  and  C  have  to  be  considered  when  treating  direct  dissociation 
in  this  energy  region. 

In  ref.  (42)  we  have  shown  that  the  amplitude  can  be  very  accurately  analysed 
in  terms  of  the  half-collision  scattering  matrix  and  that  it  can  be  written: 

Mjoc  M,(  1  -  P)U2  exp  (i*B-  M^2P,/2)  exp  (i<M  (63) 

where  MB  and  MB  are  the  adiabatic  photodissociation  matrix  elements  for  the  B  and 
B'  states,  respectively,  <t>B  and  <t>v  are  their  phases  and  P  is  the  probability  of  a 
non-adiabatic  transition  between  the  two  states  during  the  half-collision  after  photon 
absorption.  For  the  C  state,  which  can  be  considered  to  be  uncoupled,  we  can  write: 

Mn  oc  Mc  exp  (i^c).  (64) 

Using  eqn  (63)  and  (64)  in  eqn  (62),  we  finally  obtain 

P  (a«r/aA,)I+(ea/8ftr)A“  /  (65a) 


--r-yn  r+px?. 


14 


Polarization  of  Photofragments 


with 


N  =  21Mc+6Af|(l  -  P)  +6Ml  P-  12MBMB[P(1  -  P)]1/2  cos  b  ) 

+  18McAfB(l  -  P)x/2  cos  (<£c  -  <£b)  “  18  MCMBP1/2  cos  (d>c  -  <M 


(656) 


and 

D  =  67M2+32M |(1  - P)  +  32M|P -64MBAfB[P(l  - P)],/2  cos  (<*>„- 

+  6WcMB(l-P),/2cos(^>c-d'B)-6McMBP,/2cos(^c-^B')-  ' 

It  is  clear  from  an  inspection  of  eqn  (65)  that  P  depends  in  a  rather  complicated 
manner  on  the  phase  differences  between  the  three  dissociative  states.  This  is  due  to 
the  contribution  of  the  two  completely  different  effects,  namely:  the  oscillating  behaviour 
of  the  photodissociation  cross-section  =  |MX|2  due  to  the  non-adiabatic  coupling 
between  the  B  and  B'  states  and  the  coherence  effect  between  the  2  and  the  II  states. 
The  oscillation  of  crs  is  the  result  of  a  quantum  interference  effect  between  two  different 
paths,  leading  to  the  same  final  state  of  the  fragments.42’43  Consider,  for  example,  the 
final  state  H(ls)  +  H(2p)  we  are  interested  in  here.  There  are  two  paths  which  lead  to 
this  final  state:  excitation  of  the  B  electronic  excited  state  followed  by  an  adiabatic 
dissociation,  or  excitation  of  the  B'  state  followed  by  a  non-adiabatic  transition  to  the 
B  state.  The  partial  photodissociation  cross-section  into  the  H(ls)  +  H(2p)  channel  will 
then  be  the  square  of  the  sum  of  the  two  quantum-mechanical  amplitudes  associated 
to  each  one  of  those  paths  as  expressed  in  eqn  (63).  Hence  the  interference  effect. 
Ignoring  the  non-adiabatic  coupling  between  the  B  and  B'  states  and  assuming  an 
incoherent  excitation  with  linearly  polarized  light  of  the  B  and  C  states,  the  polarization 
rate  would  be  nearly  constant. 


4.  Predissociation 


(a)  Isolated  Resonance 


In  the  case  of  predissociation  the  axial  recoil  approximation  is  no  longer  valid  and  the 
general  equations  (33)  to  (37)  have  to  be  used.  On  the  other  hand,  for  slow  predissociation 
( Le .  when  the  rotational  spacings  are  larger  than  the  predissociation  widths)  it  is  possible 
to  excite  one  particular  transition  Jt  -»/d,  and  the  sum  over  Ja  and  J'd  reduce  to  only 
one  term.  More  precisely,  let  us  assume  that  a  bound  electronic  state  |a.)  (see  fig.  1) 
predissociates  to  a  set  of  dissociative  continua  |ad,  ed_>).  For  slow  predissociation,  the 
isolated  resonance  approximation  is  valid  and  the  eigenstate  |crd,  ed~‘)  can  be  written: 


f  Ae*b'ai:lJay\ eS~>) 
ak  J 


(66) 


where  |ai°’>  and  |«d0),  ed-)>  are  the  zero-order  eigenfunctions  for  the  bound  and  the 
(prediagonalized)  continuum  states  in  the  absence  of  the  perturbation  V,  which  induced 
the  predissociation.  The  coefficients  a  and  6  in  eqn  (66)  are  given  by 


V'd'-i 

“"“a 


ed-e,-ir. 


a»a- 


=  i»m  -  ,  . 

’i-oed-ed-ti)  ed-e,-tr. 


(67) 


r.« 


with 


(68) 
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and  V''l„<1)  =  <a‘0,|V|al/),  being  the  discrete-continuum  matrix  elements  of  the 
interaction  V.  The  energy  e,  gives  the  positions  of  the  bound  levels  of  the  |as)  electronic 
state  with  respect  to  the  dissociation  threshold  of  (oj).  Assuming  that  only  the  |a^0)) 
state  has  oscillator  strength  from  the  ground  state,  the  matrix  elements  of  the  electric 
dipole  operator  between  the  initial  state  |«j)  and  the  dissociative  eigenstate  |ad,  ed-1) 
will  be  given  by: 


(ajD  •  e|ad ,  ei  >)  =  a^(a,\D  •  «|a<0)>  (69) 

which,  according  to  eqn  (67),  is  a  Lorentzian  centered  at  es  with  half-width  at  half¬ 
maximum  equal  to  T,.  Just  as  for  |a()  [see  eqn  (17)],  the  zero-order  wavefunctions  |a[0)) 
can  be  expanded  in  terms  of  the  body-fixed  rotational  wavefunctions: 

l«io)>  =  Zknr:>|n^Ms>.  (70) 

n. 

Substituting  eqn  (70)  into  eqn  (69)  we  obtain  for  the  matrix  elements  of  the  electric 
dipole  operator,  an  equation  similar  to  eqn  (18)  with  the  new  reduced  matrix  elements: 

</il|0|lA/»BJdftd^,er)=III(-)y'-0i(2Jd+l)/^  1  M 

<j  Oi  n,  \ils  q  -flj/ 


*<»&J(P)<,l»fc> 

‘  Sd-.e.-tr, 


(71) 


where 


wJt _  V 


jJSA  (*nj  V| ^»WA>-  (72) 

In  eqn  (71 )  and  (72)  we  have  used  the  fact  that  J,  =  Jd  for  an  intramolecular  coupling. 
Substituting  now  eqn  (71)  into  eqn  (37)  with  Ja  =  J'a,  we  finally  obtain 


P<>  «Vd>  = 


Z  Z(-)^7' 

ndn;  <?• 


•a 


i 

h 


/  /d  J<\  K  \  /  j\s  K  \ 

\Od  -fti  -Q7\-ni  nd  -Q'l 


with 


Z,  £ . <»i ^11  P||»«-/d)*(n; 7 1| d ||n;jd) 


n,n;  Orf}; 


(74) 


and 


((V.llDllVd)  - 1  (-)/‘_n‘(2/d+ 1)(£  *  -ni)H|(D),l^>  (75) 


(B)  Application  to  tow  Simple  Cases 

As  an  example  of  the  above,  let  us  consider  a  simple  case  of  slow  predissociation,  namely: 

AB('X)-^*  Afl*('n)-^»  AB*('I) - ►  A*('P)  +  B('S)-^*  A('S)  +  B('S)  (76) 

where  ]d*fJr“®  and  AdKOd-0.  Since,  in  addition,  )B  =  0.  we  can  use  eqn  (31)  to 
calculate  the  fluorescence  cross-sections  with: 


(77) 
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1>PI  et) 

dllf  VI  d  k 


from  which  we  obtain 


(2/j+  l)/(Ji+2)  for  /?(/()  transitions 
r  =  P!,1  V  Pj1 '  =  5( -)y  ” 1  x  1  for  Q(f)  transitions 

(27i+l)(Jj-l)  for  P(Jj)  transitions. 


(78) 


(79) 


With  the  use  of  eqn  (78)  and  (79)  we  can  calculate  the  polarization  degree  of  the 
photofragments  fluorescence.  For  incident  linearly  polarized  light  we  shall  have: 


(80) 


(81) 


p  (dtr/dSif)t-(d<T/d£ir)±  _  3 

~  (dcr/ani)t  +  (a<r/3Cl{)x  2r-l 

which,  in  the  case  of  an  £(1)  transition  for  instance,  gives: 

P  =  3/11. 

If  again  we  consider  the  case  where  the  fragments  have  fine  structure: 

.  AB('£)  —X  AB*(‘n)  — AB*(‘2) - -  A*(2P)  +  B(2S)  -X  A(2S) +-B(2S)  (82) 

we  have  from  eqn  (36),  (38)  and  (73): 

^*(2yA+ir,|o;=i/2||i>IMA>|2s{^  p^fk (*,,'<)  m 

with 

X  i  J)U  i  SH*** 


From  eqn  (83)  and  (84)  we  finally  obtain  for  linearly  polarized  incident  light: 

P,,/2)  =  0 

3 


(85) 


pO/2)  _  . 


4r+l 


r  being  defined  by  eqn  (79).  Eqn  (85)  shows,  just  as  in  the  direct  photodissociaton 
case,  the  depolarization  effect  due  to  the  spin  coupling.  In  particular,  for  an  R(  1) 
transition: 


[>(3/2)  . 


1/7. 


(86) 


The  case  studied  here  actually  applied  to  H2  in  the  region  of  the  D('I1)  state.  This 
state  is  coupled  by  rotational  interactions  to  the  B'('£)  state,  which  correlated 
to  H(2p)+ H(ls)  fragments.  If  the  fine-structure  components  are  not  resolved  in 
the  experiment  we  have  to  add  the  intensities  of  the  two  components.  Using  the 
fact  that  $3/2  *  2$, [see  section  3(C)]  and  that  |0a  -  1/2||D||;A  =■  3/2>|2  = 
40a  -  1/2||D||/a  *  1/2)|2,  we  obtain 


6r+l 


(87) 


and  for  an  P(l)  transition  P« 3/31,  which,  as  expected,  is  much  smaller  than  P 


.0/2) 


I 


% 
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5.  Photodissociation  of  Poiyatomics 

Hie  general  expressions  eqn  (35)-(37)  can  be  used  in  the  case  of  polyatomic  molecules 
with  jA  and  jm  being  the  total  angular  momenta  of  the  fragments  (electronic  plus 
rotational).  What  remains  to  be  done  is  to  express  the  initial  wavefunction  |«i)  in  terms 
of  the  body-fixed  frame  with  i'  in  the  direction  of  R,  which  in  this  case  is  the  vector 
going  from  the  centre  of  mass  of  A  to  that  of  B.  Usually,  R  does  not  constitute  a 
principal  axis  of  inertia  for  the  bound  molecule,  so  that  a  transformation  is  needed  in 
order  to  express  the  asymmetric  rotor  wavefunctions  describing  the  initial  state  in  the 
reference  system  of  the  principal  axes  of  inertia  in  terms  of  the  symmetric-top  wavefunc¬ 
tions  \CIJM)  referred  to  the  body-fixed  frame  used  in  our  calculations.  To  illustrate  this 
point,  let  us  consider  the  triatomic  case  with  no  electronic  angular  momentum.  The 
ABC  molecular  dissociating  into  an  atom  A  and  a  diatomic  molecule  BC  will  be  described 
by  the  R  vector  going  from  A  to  the  centre  of  mass  of  BC  and  the  r  vector  of  BC.  If 
both  fragments  have  zero  electronic  angular  momentum,  the  body-fixed  wavefunctions 
\jClJM)  will  be  given  by 

(rR\j(lJM)  =  Yjn{6, 4>)(R  |d>JMn)  (88) 

with  (K|4>Mn)  being  the  symmetric-top  wavefunctions  defined  in  eqn  (8).  The  polar 
angles  0  and  4>  correspond  to  r  in  the  body-fixed  frame. 

Using  eqn  (8),  eqn  (88)  can  be  written 

D%n{<t>R,  dR,  <*>).  (89) 

The  initial  wavefunction  |a,),  on  the  other  hand,  is  usually  given  in  terms  of  the 
symmetric-top  wavefunctions  in  the  reference  system  of  the  principal  axes  of  inertia: 

ta>  =  l  2 P,  y)  (90) 

where  (a,  p,  y)  are  the  Euler  angles  specifying  the  orientation  of  the  principal  axes  of 
inertia  vyith  respect  to  the  laboratory  frame.  Between  the  two  body-fixed  frames  there 
will  be  a  rotation  of  angles  (8,  ij,  f )  which  can  be  calculated  knowing  the  equilibrium 
geometry  of  the  molecule.  We  shall  then  have  the  transformation: 

Dm«c(«,  P,  y)  =  I  Dmo(0*,  Or,  <t>)DJnid8,  tj,  f )  (91) 

n 

and  therefore  |a.)  can  be  written  as  in  eqn  (17)  with 

K>  =  l  DJalKl(8,  V,  0 ■  (92) 

Using  eqn  (92)  in  eqn  (27)  provides  the  final  expressions  for  the  dissociation  of  a 
triatomic  molecule.  For  direct  dissociation,  the  axial  recoil  approximation  is  usually 
valid  for  the  dissociative  state  |ad,  elf1).  In  that  case,  eqn  (40)  can  be  used. 

6.  Conclusions 

We  have  revisited  the  general  theory  of  fluorescence  polarization  of  photofragments  in 
the  framework  of  the  density-matrix  formalism.  The  excitation  density  matrix  was  first 
calculated  in  the  molecular  frame  and  then  transformed  to  the  laboratory  system  of 
axes  to  obtain  both  the  alignment  and  the  orientation  of  die  fragments.  In  the  laboratory 
frame,  the  excitation  density  matrix  clearly  shows  the  coherence  effects  which  are  the 
result  of  simultaneous  excitation  of  dissociative  electronic  states  with  different  sym¬ 
metries  correlating  to  the  same  limit  We  have  paid  particular  attention  to  the  proper 
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treatment  of  the  asymptotic  behaviour  of  the  dissociative  wavefunction  in  the  multichan¬ 
nel  case.  This  allows  us  to  treat  correctly  the  case  of  non-adiabatic  transitions  occurring 
during  the  half-collision  after  photon  absorption. 

We  have  also  studied  the  case  of  slow  predissociation  and  shown  how  this  general 
treatment  can  be  applied  with  some  minor  addition  calculations  to  the  dissociation  of 
polyatomic  molecules. 


Appendix 

Substituting  eqn  (2)  into  the  matrix  elements  (ar,  e^D  •  «r|ad,  ed)  for  both  |ad>  and  |ar), 
the  integral  over  ed  in  eqn  (1)  will  involve  integrals  of  the  form: 

z=  Pd KJ(Kd)  I*  dR^-{~lKdR)  exp  (±\KfR)  (A.l) 

Jo  Jo  K-Kd  +  iyd 


where  K  =  (2nE)'n/h,  yd  =  2fird/h2(K  +  Kd)  and  where  /( Ka)  is  a  smooth  function. 
Interchanging  the  integrals,  one  obtains 


z 


0, 

2*f(K)/(K±Kr+iy<t), 


for  the  integrals  involving  exp  (-i KdR)\  .  . 

for  the  integrals  involving  exp  (iAdR).  ' 


and  neglecting  the  non-resonant  terms  involving  (X  +  £r+iyd)  1  one  finally  obtains, 
for  K  =  Kr,  eqn  (3)  of  section  2(A). 
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Vector  and  Product  Quantum-state  Correlations  for 
Photografmentation  of  Formaldehyde 
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The  vector  correlations  of  para-  H2  (t>  =  1,  J  -  0-8)  produced  from  H2CO 
photolysis  on  the  rRo(0)e  line  of  the  2*4*  S,  *-  So  transition  have  been 
measured  by  analysing  Doppler-resolved  laser-induced  fluorescence  line- 
shapes.  The  correlations  of  the  H2CO  transition  dipole  moment  p.  with  the 
H2  recoil  velocity  v  and  p  with  the  angular  momentum  J  are  small,  probably 
because  H2CO  rotates  many  times  between  excitation  and  fragmentation. 
The  correlation  of  c  with  J  has  been  found  to  be  between  the  limiting  cases 
of  »||./  and  vXJ.  In  addition,  the  H2(v,  J)  linewidths  have  been  used  to 
measure  the  product  state  correlation.  H2  fragments  in  high  vibrational 
states  correlate  with  CO  fragments  in  low  rotational  states. 


Formaldehyde  is  an  excellent  molecule  for  the  study  of  photofragmentation  for  a  variety 
of  reasons.1'2  Its  well  resolved  S,  «-S0  spectrum  allows  excitation  to  single  rovibronic 
levels.  The  photodissociation  mechanism  for  the  molecular  channel  has  been  well 
established:1  the  excited  molecule  internally  converts  to  high  vibrational  levels  of  the 
ground  electronic  state  and  then  dissociates  to  form  H2  and  CO. 

Past  studies  of  the  photofragmentation  have  concentrated  on  energy  disposal  in  the 
products.  The  product  translational  energy  distribution  has  been  measured  by  time-of- 
flight  mass  spectroscopy,3  the  CO(u,  J)  distribution  has  been  measured  by  laser-induced 
fluorescence  (LIF), 2  and  the  ortho-H2(v,  J)  distribution  has  been  measured  with  coherent 
anti-Stokes  Raman  spectroscopy  (CARS).4  These  experiments  have  yielded  a  wealth 
of  information  about  the  dissociation  dynamics.  The  high  rotational  excitation  of  the 
CO  corresponds  to  an  impact  parameter  of  ca.  0.9  A,  which  implies  that  the  H2  is 
repelled  by  the  charge  distribution  outside  of  the  carbon  nucleus  of  the  CO.2  The  large 
impact  parameter  is  consistent  with  the  bent  planar  ab  initio  transition-state  geometry 
and  reaction  coordinate.5'® 

To  date,  the  experiments  on  H2CO  have  measured  scalar  properties  of  the  photodis¬ 
sociation  process.  Recently,  it  has  become  possible  to  determine  vector  correlations 
from  the  analysis  of  the  fragment  LIF  Doppler  profiles.7,8  The  vectors  involved  are  the 
photolysis  laser  polarization  ep,  the  transition  dipole  moment  of  the  parent  molecule 
ft,  the  velocity  of  the  fragment  v,  and  the  angular  momentum  of  the  fragment  Jr-The 
excitation  laser  preferentially  excites  parent  molecules  whose  transition  dipole  moments 
are  along  the  polarization  axis  of  the  laser.  If  the  parent  dissociates  on  a  timescale  short 
compared  to  its  rotational  period,  the  parent  anisotropy  is  carried  over  to  the  fragment's 
translational  recoil  direction  and  rotation  which  results  in  (p  •  e)  and  (p  •  J)  correlations. 
In  addition,  the  repulsive  force  of  the  dissociation  can  result  in  a  (r  •  J)  correlation, 
which,  unlike  the  other  correlations,  is  not  smeared  out  by  parent  rotation.  The  magni¬ 
tudes  of  these  vector  correlations  are  sensitive  to  the  photofragmentation  dynamics  and 
should  provide  good  tests  of  dynamical  models. 

The  Doppler  profiles  provide  fragment  translational  energies,  which  can  be  used  to 
measure  product  quantum-state  correlations.9  None  of  the  previous  work  has  measured 
state-resolved  velocities.  In  the  case  of  CO,  the  bandwidth  of  the  probe  laser  was  larger 
than  the  Doppler  width  of  the  peaks;  in  the  CARS  work,  the  H2  was  translationally 
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cooled  by  collisions  with  helium  to  reduce  the  Doppler  width  and  increase  the  detection 
sensitivity.  The  CO(u,  J)  and  H2(t>,  J)  populations  together  with  the  measured  transla¬ 
tional  energy  distribution  suggest  that  there  may  be  a  correlation  between  the  CO 
rotational  state  and  the  H2  vibrational  state.4 

This  paper  reports  the  initial  results  of  vector  and  product  quantum-state  correlation 
measurements  from  Doppler-resolved  LIF  lineshapes  of  the  H2(t>,  J)  fragment. 

Experimental 

Formaldehyde  was  photolysed  on  the  rRo(0)e  line  of  the  2*4*  St  *—  S0  transition  in  a 
pulsed  supersonic  free  jet.  The  nascent  H2(t>,  J)  product  was  probed  on  the 
C  'nu «—  X  '2*  or  B  «—  X  '2,  transition  by  vacuum-ultraviolet  (v.u.v.)  laser-induced 
fluorescence  (110-116  nm).  Fig.  1  shows  the  three  experimental  geometries  employed 
in  this  experiment.  The  jet  axis  was  mutually  orthogonal  to  both  the  laser-propagation 
direction  and  the  fluorescence-detection  direction.  The  polarizations  of  both  the  photoly¬ 
sis  and  probe  lasers  were  linear,  as  measured  by  a  Glan-Thompson  polarizer. 

The  photolysis  laser  consisted  of  a  Nd:  YAG  pumped  dye  laser  (Quantel  TDL50, 
LDS-698/DCM  dye  mixture,  10  Hz)  doubled  in  a  static  KDP  crystal.  Typical  characteris¬ 
tics  were  5-7  mJ  per  pulse,  10  ns  pulse  length  and  0.3  cm-1  bandwidth  at  the  339  nm 
photolysis  wavelength.  The  0.5  cm  diameter  laser  beam  intersected  the  jet  1.5  cm  below 
the  nozzle.  H2CO  fluorescence  was  collected  with  a  photomultiplier  (PMT)  which  was 
mutually  orthogonal  to  both  the  jet  and  laser  propagation  axes.  During  the  photofrag¬ 
mentation  experiment,  the  H2  product  signals  were  normalized  by  the  H2CO  fluorescence 
to  reduce  fluctuations  from  photolysis  laser  intensity  and  H2CO  number  density. 

The  products  were  probed  100  ns  after  photolysis.  The  probe  laser  consisted  of  a 
Nd.YAG  pumped  dye  laser  (Quantel,  LDS-698/DCM  dye  mixture)  which  was 
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n*.i.  The  photolysis  (ftp,  ep)  and  probe  (ft,,  e.)  laser-beam  geometries  (ft  and  e  are  the  laser 
propagation  directions  and  polarizations)  are  shown  with  the  detector  axis  D.  All  polarizations 
are  detected.  Case  (a)  is  a  mutually  orthogonal  geometry,  case  (b)  is  the  coaxially  detected 

geometry  with  e,||ap. 
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frequency-doubled  in  an  autotracking  KDP  crystal  (Inrad).  The  ultraviolet  output  pulse 
(ca.  7mJ  per  pulse,  10  ns)  was  focussed  with  a  15  cm  lens  into  the  centre  of  a  10  cm 
long  krypton  tripling  cell  to  generate  the  v.u.v.  Typical  krypton  pressuies  were  50- 
300Torr,t  depending  on  wavelength.  The  v.u.v.  and  residual  u.v.  light  excited  the 
tripling  cell  through  a  v.u.v. -grade  lithium  fluoride  (LiF)  window  directly  into  the  vacuum 
chamber.  The  v.u.v  beam  diameter  was  estimated  to  be  0.4  cm  in  the  probe  region. 

V.u.v.  power  fluctuations  were  monitored  by  measuring  the  v.u.v.’s  specular  reflection 
from  a  LiF  flat  with  a  solar  blind  PMT  (EMR  542G-08-19,  LiF  window).  The  LiF  flat 
was  placed  in  the  vacuum  chamber  between  the  jet  and  the  entrance  window  for  the 
photolysis  laser.  To  avoid  saturation  of  the  PMT,  the  reflected  v.u.v.  was  attenuated 
with  fine  nickel  mesh.  The  difference  in  LiF  reflectivity  for  the  two  probe  laser  polariz¬ 
ations  was  accounted  for  in  the  peak  intensity  measurements. 

Undispersed,  unpolarized  H2  fluorescence  was  detected  with  a  solar-blind  PMT 
(EMR  542G-09-19,  MgF2  window)  mounted  in  the  vacuum  and  situated  mutually 
orthogonal  to  the  jet  axis  and  the  laser  beam — propagation  directions.  The  2.9  cm 
diameter  cathode  of  the  PMT  was  5  cm  from  the  jet  axis.  When  probing  the 
C  'nu  «—  X  H2  transition,  a  2  mm  thick  v.u.v.-grade  MgF2  flat  was  placed  in  front 
of  the  PMT  to  filter  out  scattered  v.u.v.  laser  light.  When  probing  the  B  «—  X  '1*  H2 
transition,  a  2.2  cm  diameter // 1  CaF2  lens  collected  and  focussed  the  fluorescence  onto 
the  PMT  as  well  as  filtered  scattered  v.u.v.  laser  light.  The  PMT  signals  were  amplified, 
boxcar-averaged,  digitized  and  stored  in  a  personal  computer.  The  same  computer  was 
used  to  trigger  the  pulsed  nozzle,  trigger  the  Nd :  Y  AG  lasers  and  scan  the  probe  dye  laser. 

H2CO  was  made  in  the  usual  manner.10  The  sample  mixture  was  prepared  by  flowing 
He  (550Torr)  over  liquid  H2CO  (T=- 89 °C,  Pvapour  =  8.7 Torr")  and  expanded  into 
the  vacuum  chamber  through  the  0.8  mm  diameter  orifice  of  the  pulsed  nozzle  (General 
Valve). 

Various  transitions  were  used  to  probe  the  H2.  H2(t>  =  l)  was  probed  on  the 
B  'K «-  X  'll  (2,  1)  and  (3,  1)  bands,  H2(v  =  3)  on  the  C  ’nu  «-  X  '2g+  (1,  3)  band  and 
H2(t>  =  2)  on  the  C  ‘IIU  «-  X  'Zj  (0,  2)  and  B  «—  X  'i;  (6,  2)  bands. 


Analysis  and  Results 

Vector  Correlations 

The  correlations  between  the  parent  dipole  moment,  |i,  the  H2  rotational  vector,  J,  and 
the  product  velocity  vector,  c,  are  extracted  using  Dixon’s  lineshape  analysis.712  If  the 
product  is  assumed  to  have  a  single  recoil  velocity  v,  then  the  spectral  rovibrational  line 
profile  is  given  by 


g(x)  = 


2AvD 


[l  +  0tfTP2(cos  0)P2(*)] 


(1) 


where  A vD=  v0v/c  is  the  maximum  Doppler  shift  (v0  is  the  line  centre),  x  is  the  ratio 
of  the  Doppler  shift  to  the  maximum  Doppler  shift  =  ( v  -  ^oJ/Avd],  /  is  proportional 
to  the  integrated  intensity  of  the  transition,  P2(x)  =  (3x2  - 1)/2  is  the  second  Legendre 
polynomial,  6  is  the  angle  between  the  photolysis  polarization  and  the  probe-laser 
propagation  axis  and  0,rr  is  the  effective  lineshape  parameter.  The  effective  lineshape 
parameter,  as  expressed  by  Dixon,  is 


.  /M«(20)  +  b,0%22)+  bA0l(22)\ 

P* rr  —  \  t  _L  l.  J- 


fc0+Mo(02) 


(2) 


tl  Torr  -  101  325/760  P». 
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Fig.  2.  Alignment  for  H2(d  =  1)  as  a  function  of  rotational  state  from  photolysis  of  2'4'  H2CO 

on  the  rRo(0)e  line. 

Here,  b0...b4  are  calculated  constants  for  a  given  rovibrational  transition  and  geometry, 
and  each  of  the  p  parameters  is  related  to  a  vector  correlation.  The  alignment  of  the 
J  vector  in  the  laboratory  frame  is  typically  given  by  Ao,13  which  is  equal  to  |j8o(02)  in 
Dixon’s  analysis.  The  spatial  anisotropy,  often  referred  to  as  ft'*  is  equal  to  2pl(20). 
The  other  correlations  in  this  analysis  are  the  vJ  correlation,  P^  =  j8jj(22)  and  the 
multiple  correlation,  p^vJ  =  pl(22). 

Both  a  P-  and  an  R-branch  for  each  H2(d  =  1,  J)  state  were  measured  at  least  twice 
for  three  combinations  of  photolysis  and  probe-laser  polarizations.  The  line  profiles 
were  least-squares  fitted  to  the  lineshape  function  (which  was  convoluted  to  a  1.0  cm  1 
f.w.h.m.  Gaussian  to  account  for  initial  parent  velocities  and  the  probe-laser  bandwidth) 
to  determine  the  intensity,  maximum  Doppler  shift  and  lineshape  parameter.  Since  our 
detection  is  unpolarized,  each  geometry  is  the  average  of  two  of  Dixon’s  standard  cases.7 
The  geometries  shown  in  fig.  1  correspond  to  his  cases  1  and  2, 9  and  10,  and  1 1  and  12. 

The  most  reliable  method  to  evaluate  the  alignment  is  to  analyse  the  integrated  peak 
intensities  as  a  function  of  branch  and  geometry.  The  integrated  peak  intensity,  I,  is 
related  to  Al  by13 

I  =  CSGlbo+frAl)  (3) 

where  C  is  proportional  to  the  population,  S  is  the  absorption  line  strength,  G  accounts 
for  geometric  experimental  differences  (laser-beam  overlap,  H2CO  fluorescence  signals 
etc.),  and  b0  and  b,  are  the  same  as  in  eqn  (2).  In  a  given  geometry,  bx/b0  is  similar 
for  P-  and  R-branches  which  necessitates  the  use  of  multiple  geometries.  The  experi¬ 
mental  geometry  factor  G  is  determined  from  the  R(0)  line  intensities:  for  R(0),  bx  (as 
well  as  Al)  is  zero,  and  C  does  not  vary  with  geometry,  so  G  is  proportional  to  I/b0. 
The  R(0)  line  was  measured  ten  times  for  each  geometry  in  order  to  determine  G 
accurately.  The  least-squares  fit  to  the  plot  of  l/(SGb0)  vs.  56,/460  yields  an  intercept 
equal  to  C  and  a  slope  equal  to  A\C.  Fig.  2  shows  the  alignment  measured  for  H2(u  =  1). 

After  the  alignment  has  been  determined,  the  denominator  of  eqn  (2)  is  known  and 
a  least-squares  fit  of  the  pe(f  measurements  is  used  to  determine  the  other  three  correla¬ 
tions,  p,  p»j  and  p^uj.  The  measured  spatial  anisotropy,  vJ,  and  fivJ  correlations  for 
H2(u  =  1)  are  shown  in  fig.  3.  Sample  data  are  shown  in  fig.  4.  The  simulated  line  profile 
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rotational  state,  J 

FH-3.  Vector  correlations  for  H2(v  =  1)  as  a  function  of  rotational  state  from  photolysis  of  2‘4' 
HjCO  on  the  rR„(0)  line,  («)  spatial  anisotropy,  (p  •  v,  (b)  vJ  correlation,  (c  •  J)  and  (c)  multiple 

correlation,  (p  •  t>  •  J). 


has  a  Btrr  calculated  with  eqn  (2),  using  the  measured  values  of  /3,  P^j  and  The 
calculated  pt„  agree  quite  well  with  the  petr  obtained  by  finding  the  best-fit  parameters 
for  each  individual  line. 


Product  Quanta  instate  Correlations 

The  average  velocity  for  a  particular  H2(i>,  J)  state  is  determined  from  the  H2  maximum 
Doppler  shift,  Apq.  The  corresponding  CO  average  velocity  and  the  total  average 
translational  energy  in  the  products  is  calculated  using  conservation  of  linear  momentum. 
Hie  distribution  of  these  average  translational  energies  is  calculated  by  scaling  each 
value  by  the  corresponding  H2(i>,  J)  population;  the  H2  vibrational  state  populations 
have  previously  been  measured  by  CARS4  and  the  rotational  state  populations  were 
measured  by  LIF.IS  Fig.  5  shows  the  result  and  compares  it  with  the  translational  energy 
distribution  measured  by  time-of-flight  mass  spectroscopy.3  In  making  fig.  S,  the  average 
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Doppler  shift/ cm'1 

FI*.  4.  H2(J  =  2)  line  profiles  for  the  coaxially  detected  geometry  with  e,Xep.  The  simulations 
assume  a  single  fragment  recoil  velocity  v  and  include  a  convolution  with  a  1.0  cm-1  f.w.h.m. 
Gaussian  to  account  for  the  probe-laser  bandwidth  and  initial  parent  velocities.  The  top  trace  is 
the  B'X^^-X'S^  (3,  1)  P(2)  line;  the  simulated  lineshape  has  pclf  =  0.577  and  v  - 
1.57  x  10*  cm  s-1.  The  middle  trace  is  the  B  '1*  *-  X  '2*  (3,  1)  R(2)  line;  /3eff  =  0.096  and  v  = 
1.57x10* cm s-1.  The  bottom  trace  is  the  C'nu«-X'Xg  (I,  3)  R(2)  line;  /3eI(  =  0.580  and 
u  =  1.31  x  10*  cm  s-1.  The  three  peaks  are  not  drawn  on  the  same  scale. 


translational  energy  was  calculated  and  plotted  for  each  H2(v,  J)  line  measured;  the 
fact  that  some  H2(t>,  J)  lines  were  measured  more  than  others  was  considered  when 
scaling  the  populations.  It  is  clear,  and  not  surprising,  that  lower  H2  vibrational  states 
correspond  to  higher  average  translational  energies. 

The  average  CO  rotational  state  that  corresponds  to  a  given  H2(t>,  J)  state  can  also 
be  determined  by  conservation  of  energy: 


Er«(CO)  =  BJ(J  + 1)  =  £.V|  —  Eim[//2(i>,  /)]-£, r.n,(H 2  +  CO)  (4) 

where  B  is  the  CO  rotational  constant,  E,,,  is  the  total  energy  available  to  the  products, 
Eim  is  the  vibrational  and  rotational  energy  of  the  H2  product  ard  is  the  total 
translational  energy  of  the  products.  The  CO  is  considered  to  be  in  its  ground  vibrational 
state  (experimentally  only  14%  is  measured  in  c  =  l).2  The  porobability  of  a  calculated 
CO  rotational  state  is  proportional  to  the  corresponding  H2(t>,  J)  population.  Fig.  6 
shows  the  CO  rotational  distribution  calculated  from  H2(t>,  J)  Doppler  widths  and 
populations,  and  the  CO  rotational  populations  measured  directly  by  Bamford  et  al2 
As  in  fig.  5,  Jco  was  calculated  and  plotted  for  each  H2(  v,  J )  line  measured.  As  previously 
predicted,4  higher  vibrational  states  of  H2  are  correlated  with  lower  rotational  states  of 
CO. 
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Fig.  5.  The  product  translational  energy  distribution  calculated  from  H2(t>,  J)  Doppler  widths 
and  populations.  The  dashed  lines  give  the  error  limits  on  the  measured  translational  energy 

distribution  [ref.  (3)]. 


CO  rotational  state 

Fig.  6.  The  Co  rotationa  state  distribution  calculated  from  H2(t>,  J)  Doppler  widths  and  popula¬ 
tions.  The  dashed  line  is  the  measured  CO(t>  =  0)  distribution  [ref.  (2)]. 


Discussion 


Vector  Correlations 

Vector  correlations  offer  new  information  and  insights  on  photofragmentation  dynamics. 
Dixon  discusses  the  limiting  values  for  vector  correlations  in  the  case  of  no  parent 
rotation  and  high-/  products  ( -0.4  «  A\  <  0.8,  - 1 «  «  2  and  -0.5  <  ffo/  *  1  )-7  Unfortu¬ 
nately,  formaldehyde  is  not  the  simplest  case  of  fragmentation  since  the  dissociation 
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(a)  b 
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Fig.  7.  (a)  Molecule-fixed  axes  and  dipole  moment  in  the  ground  state  of  H2CO  and  (b)  the  ab 
initio  transition-state  geometry  and  reaction  coordinate  vectors. 

occurs  prcdissociatively  from  a  long-lived  excited  state  (50  ns  lifetime).  This  causes 
some  averaging  of  the  initial  correlations  owing  to  the  many  excited-state  parent  molecule 
rotations  prior  to  dissociation.  It  is  therefore  not  surprising  that  the  laboratory-frame 
correlations  measured  in  these  experiments,  the  spatial  anisotropy  and  the  rotational 
alignment,  are  small.  However,  theoretical  work  suggests  that  these  correlations  are  not 
totally  destroyed.  Yang  and  Bersohn  have  shown  that  the  spatial  anisotropy  for  a 
symmetric  top  is  reduced  by  a  factor  of  4-5  as  the  parent-state  lifetime  becomes  large.16 
Nagata  has  shown  that  the  alignment  is  greatly  reduced  by  parent  rotations,  but  is  does 
not  necessarily  become  zero.1 

Formaldehyde  is  approximately  a  symmetric  top  (j4  =  9.406  cm-1,  B  =  1.295  cm1, 
C  =  1.134 cm  '),18  which  in  these  experiments  is  excited  to  the  7  =  1,  K„  =  1,  Kc  =  1) 
state  by  a  b-type  transition.  The  dipole  moment  along  the  b  axis  is  in  the  molecular 
plane,  perpendicular  to  the  CO  axis  (see  fig.  7).  The  measured  spatial  anisotropy  of 
the  H2  (7  =  2, 4, 6)  product  is  small;  however,  7  =  0  and  7  =  8  have  0  values  near  the 
expected  upper  limit  of  0.5  for  a  symmetric  top.  This  suggests  that  the  H2  product 
velocity  vector  is  mostly  parallel  to  the  parent  dipole  moment  for  7  =  0  and  7  =  8. 

We  can  qualitatively  understand  these  results  in  terms  of  an  impulsive  model  where 
the  peak  of  the  H2  product-state  distribution  is  determined  by  the  transition-state 
geometry  and  the  width  arises  from  motions  in  the  transition-state  normal  modes  (similar 
to  the  effects  of  parent  molecular  motions  in  a  direct  dissociation  process).'9  This  is 
consistent  with  the  observed  Boltzmann-like  rotational  distribution  which  peaks  at 
7  =  3-4. 15  The  7  =  0  and  7  =  8  populations  are  small  since  there  are  only  a  few  special 
transition-state  geometries  and  momenta  which  produce  H2  in  low  or  high  rotational 
states.  The  H2  products  from  these  special  geometries  must  have  a  large  <p  •  J )  correla- 
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tion  and  a  positive  anisotropy.  However,  the  populations  in  7(H2)  =  2-6  are  considerable 
larger.  There  are  many  transition-state  geometries  which  lead  to  intermediate  rotational 
states  with  a  corresponding  distribution  of  recoil  velocity  directions.  This  causes  a 
reduction  of  the  observed  anisotropy.  As  a  result,  the  anisotropy  is  larger  for  the  extremes 
of  the  distribution  and  reduced  for  the  majority  of  the  rotational  product  states. 

The  measured  H2  alignment  is  small,  but  negative.  Unfortunately,  as  shown  by 
Nagata,  a  b-type  parent  excitation  followed  by  rotation  drastically  reduces  the  alignment 
and  may  even  cause  it  to  change  sign.17  It  is  therefore  difficult  to  draw  conclusions 
from  the  alignment  parameters  in  this  case.  Since  both  the  alignment  and  the  anisotropy 
are  small,  the  triple  vector  correlation  is  almost  negligible.  Parent  molecule  rotation 
makes  interpretation  of  the  the  laboratory-frame  correlations  difficult.  Experiments  are 
now  underway  to  measure  the  ortho-  H2  vector  correlations  produced  from  the  rotation¬ 
less  parent  excited  state. 

Unlike  the  spatial  anisotropy  and  the  alignment,  the  at  correlation  should  be 
unaffected  by  parent  rotation  and  should  be  easier  to  interpret.  This  correlation  occurs 
at  the  instant  of  dissociation  in  the  molecular  frame  of  reference,  independent  of  the 
laboratory  frame.  Dixon  has  given  the  high-./  limits  of  the  vJ  correlations:  =  1.0 

for  p||J,  and  f}vJ  =  -0.5  for  cl  J.  Although  most  of  the  H2  data  are  not  in  the  high-7 
limit,  the  7  =  6  and  7  =  8  data  suggest  that  c  is  intermediate  between  being  parallel  and 
perpendicular  to  J.  This  may  result  from  a  o J  correlation  at  some  intermediate  angle 
or  a  distribution  of  vJ  correlations  in  between  parallel  and  perpendicular  orientations. 
It  is  not  clear  how  to  interpret  fiu  for  very  low  7  values,  and  it  is  not  known  whether 
the  pcj  values  for  7  =  2  or  7  =  4  are  closer  to  one  extreme  or  the  other,  but  they  are 
most  likely  also  intermediate  in  value. 

One  explanation  for  the  observed  oJ  correlation  is  that  the  final  H2  c  and  J  vectors 
are  influenced  by  out-of-plane  motions  in  the  formaldehyde  transition  state.  In  the 
out-of-plane  normal  mode,  the  two  H-atom  motions  are  out  of  phase,  one  moving  up 
while  the  other  moves  down.5  The  H2C— O  angle  at  the  turning  point  of  this  floppy 
zero-point  motion  (900  cm-1  frequency)  is  30°  (similar  to  the  angle  in  the  H2CO  excited 
state).  Previously,  it  was  believed  that  the  H2CO  dissociation  occurred  in  the  plane  of 
the  transition  state,  which  would  result  in  c  being  perpendicular  to  J.  However, 
transition-state  motions  could  easily  contribute  to  a  non-planar  dissociation.  In  addition, 
excitation  of  the  low-frequency  transition-state  vibrations,  in  particular  the  out-of-plane 
bend,  would  increase  the  non-planar  character  of  the  transition  state.  Experimentally, 
the  2'4'  rRo(0)  Si  excitation  prepares  the  H2CO  molecule  with  1140-2225  cm-1  of  energy 
above  the  barrier  on  the  S0  surface.70  This  excess  energy  should  result  in  one  or  two 
quanta  of  vibrational  excitation  in  the  transition  state  which  would  cause  J  to  be  less 
perpendicular  to  v. 

We  have  also  measured  the  vector  correlations  for  H2(t>  =  3)  using  the  C  'Ilu «—  X  '2* 
transition.  Although  they  show  qualitatively  similar  behaviour  to  the  H2(  v  =  1 )  correla¬ 
tions,  there  is  the  possibility  of  competition  between  LIF  and  1  v.u.v.  + 1  u.v.  multiphoton 
ionization  which  becomes  accessible  for  the  C  'nu «—  X  ‘2,  transitions.  This  should 
negligibly  effect  the  linewidths,  but  might  alter  the  peak  shapes.21  Future  experiments 
will  measure  the  H2(t>  =  3)  correlations  through  the  B'2*«-X'2*  transition  where 
ionization  ( 1  v.u.v.  + 1  u.v.)  is  not  a  problem. 

Preliminary  studies  of  other  H2CO  excitations  suggest  that  the  vector  correlations 
are  quite  sensitive  to  the  initial  H2CO  rovibrational  state.  This  contrasts  with  the 
rotational  distributions  which  change  little  with  differences  in  parent  excitations.21 5  Fig. 
8  shows  H2(p  -3, 7  ■■  2)  line  profiles  for  two  different  43  S,  H2CO  rotational  levels.  The 
line  profiles  ate  markedly  different.  The  change  in  line  profiles  is  most  likely  caused 
by  a  change  of  the  fragment  anisotropies.  Excitation  of  parent  states  with  K,  ~  0  may 
produce  fragments  that  are  more  anisotropic  than  those  with  K<  >  0  because  of  a  better 
preservation  of  the  initial  parent  molecule  orientation  when  Ke  =  0.  When  H2CO  is 
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The  effect  of  rotational  state  in  the  43  S|  H2CO  band.  Both  spectra  show  the  C  'nu  *-  X  ’2, 
(1,  3)  Q(3)  line  taken  with  the  mutually  orthogonal  geometry,  (a)  rR,(l)o  line  photolysis  (Si 
HjCO  J  =  Ka  =  2,  Kc  =0);  the  simulated  lineshape  has  P.„  =  -0.433  and  v  =  1.29  x  106  s“\  (b) 
rRi(l)e  line  photolysis  (S,  H2CO  J  =  Ka=2,  Kt  =  1);  /3eff  =  0.105  and  v  =  1.29 x  106cms~'. 


excited  to  the  same  rotational  line  of  a  different  vibrational  band,  the  H2  lineshape 
parameters,  f}elr,  are  also  different  (fig.  9).  A  given  H2(p,  J)  line  is  more  dipped  for 
H2CO  excited  to  its  43  band  than  to  its  2*4*  band  (for  the  mutually  orthogonal  geometry). 
The  43  H2CO  excitation  is  600  cm-1  below  the  2'4'  band  and  may  lead  to  less  excitation 
in  the  transition-state  vibrations.  We  are  in  the  process  of  studying  these  effects  with  a 
full  quantitative  analysis. 


Prod  act  QnntuHtitc  Correlations 

The  measured  product-state  correlations  show  a  striking  dependence  of  the  CO  ./-state 
distribution  on  the  H2  rovibrational  state.  As  more  of  the  available  energy  is  put  into 
H2  internal  excitation,  the  CO  rotational  energy  decreases.  As  shown  in  fig.  6,  more 
energy  in  H2  vibration  correlates  with  less  CO  rotation.  The  calculated  CO  rotational 
distribution  does  not  exactly  agree  with  that  previously  measured.2  Computer  simula¬ 
tions  were  employed  to  study  the  effect  of  fitting  lineshapes  with  a  single  recoil  velocity 
when  undoubtedly  the  H2  fragments  have  a  distribution  of  velocities.  A  velocity  distribu¬ 
tion  was  constructed  by  assuming  a  particular  H2(p,  J)  state  correlated  with  a  Gaussian 
distribution  of  CO(»  =  0)  J  states.  Doppler  profiles  that  included  the  fragment  velocity 
distribution  as  well  as  a  1.0  cm-1  Gaussian  laser  bandwidth  convolution  were  calculated 
with  various  values  of  P,rr  and  then  least-squares  fitted  to  the  single  fragment  velocity 
Doppler  lineshape  function.  For  Jco  distributions  with  f.w.h.m.  <  5,  the  single  fragment 
velocity  fits  reproduce  the  average  fragment  velocity  and  the  JCo  peak.  For  JCo 
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FI*.  9.  The  effect  of  the  S|  HjCO  vibrational  state.  Both  spectra  show  the  B  'X„  «-X  'X,  (2,  1) 
P(2)  line  taken  with  the  mutually  orthogonal  geometry,  (a)  The  2'4'  rRo(0)e  photolysis;  the 
simulated  lineshape  has  =  0.145  and  v  =  1.57  x  106  cm  s  (b)  The  43  rRo(0)e  photolysis; 
fan  =  -0.242  and  v  =  1.57  x  10‘  cm  s-'. 


distributions  with  an  f.w.h.m.  of  10,  the  single-velocity  fits  systematically  produce  aAi>D 
and  a  fragment  velocity  that  is  a  few  per  cent  too  large.  This  causes  the  calculated  Jco 
to  be  2-5  quanta  lower  than  the  peak  Jco.  This  shows  that  the  distribution  of  velocities 
for  each  H2(u,  J)  can  account  for  the  discrepancy  between  the  measured  Jco  distribution 
and  that  calculated  from  the  measured  H2  Doppler  widths.  The  H3  v  =  0  states  were 
not  measured,  but  they  are  expected  to  fill  in  the  high--/co  part  of  the  distribution. 

The  correlation  of  product  quantum  states  was  predicted  in  previous  H2CO  studies.4 
Their  CO  rotational  distribution  was  highly  inverted  and  best  explained  by  a  large 
dissociation  impact  parameter  (0.8-0.9  A).2  Constraining  the  impact  parameter  distribu¬ 
tion  about  some  large  value  would  produce  the  observed  correlation  as  follows.  Con¬ 
servation  of  angular  momentum  requires  that 


Aot  -  H,CO  -  +  Jco  +  Jh2  (5) 

where  L  is  the  orbital  angular  momentum  of  the  separating  products  and  the  Js  are 
rotational  vectors.  The  initial  parent  angular  momentum  is  essentially  zero  (/h,co=  1) 
so  that 


L  =  nvb  » |/Co  +  -fuil  (6) 

where  n  is  the  H2— CO  reduced  mass,  v  is  the  relative  velocity  of  the  products  and  b 
is  the  impact  parameter.  Most  of  the  internal  angular  momentum  of  the  products  is  in 
Jco-  As  more  energy  is  put  into  internal  product  excitation,  the  translational  energy 
and  therefore  the  velocity,  v,  must  decrease.  Since  b  is  constrained,  a  lower  velocity 
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Table  1.  Product  correlations  and  impact  parameters 


H2  state 

average 

H2  velocity 
/Items'1 

Jco 

impact  parameter" /A 

V  J 

Jco+  Jh  2 

Jco 

Jco~  Jh2 

1  0 

1.57  ±0.02 

42  ±4 

0.86 

0.86 

0.86 

2 

1.57 

40 

0.87 

0.82 

0.77 

4 

1.54 

40 

0.92 

0.83 

0.74 

6 

1.51 

38 

0.94 

0.81 

0.67 

8 

1.49 

30 

0.83 

0.65 

0.47 

2  2 

1.45  ±0.04 

3S±9 

0.83 

0.77 

0.73 

4 

1.43 

33 

0.84 

0.75 

0.64 

6 

1.45 

17 

0.52 

0.38 

0.24 

3  0 

1.33  ±0.04 

32  ±8 

0.77 

0.77 

0.77 

2 

1.31 

33 

0.87 

0.81 

0.76 

4 

1.32 

25 

0.72 

0.62 

0.50 

6 

1.30 

18 

0.61 

0.45 

0.29 

“  The  H2  and  CO  J  vector  combinations  correspond  to:  corotation  (■/Co+J,h!).  counter-rotation 
Uco-Jh,),  and  the  rotational  vectors  perpendicular  to  each  other  (Jco). 


and  therefore  the  velocity,  v,  must  decrease.  Since  b  is  constrained,  a  lower  velocity 
results  in  less  orbital  angular  momentum  and  therefore  less  CO  rotational  angular 
momentum.  The  constrained  impact  parameter  causes  internally  excited  H2  states  to 
correlate  with  CO  states  in  lower  rotational  levels. 

The  impact-parameter  disributions  can  be  calculated  from  the  product  correlation 
data  using  eqn  6.  In  order  to  do  so,  however,  some  assumption  must  be  made  about 
the  relation  of  the  H2  and  CO  rotation  vectors.  The  impact  parameter  as  a  function  of 
H2  J  state  is  given  in  table  1  for  several  combinations  of  these  vectors.  The  limiting 
cases  are  JHl  parallel  to  Jco  (corotation),  JHl  perpendicular  to  /co,  and  J„2  antiparallel 
to  Jco  (counter-rotation).  As  suggested  by  the  u J  correlation,  the  situation  may  be 
intermediate  between  the  parallel  and  antiparallel  extremes  owing  to  the  non-planar 
motions  of  the  transition  state.  At  this  time,  the  experimental  evidence  does  not 
discriminate  between  corotation  or  counter-rotation.  The  only  firm  conclusion  is  that 
the  calculated  impact  parameters  are  large  and  outside  the  centre  of  the  carbon  nucleus 
as  previously  suggested. 


ConclnsioiM 

We  have  seen  strong  evidence  for  correlations  of  the  CO(t>,  J)  and  H2(v,  J)  product 
states  from  formaldehyude  photofragmentation.  H2  states  with  more  internal  excitation 
correlate  with  CO  states  with  less  rotation.  These  correlations  can  be  explained  by  the 
constrained  impact  parameter  distribution.  The  observed  H2  vector  correlations  are 
diminished  by  the  long  lifetime  of  the  excited  H2CO  parent  state.  However,  the  vJ 
correlation  which  should  be  unaffected  by  parent  rotations  suggests  that  v  is  intermediate 
between  being  parallel  and  perpendicular  to  J.  This  is  most  easily  understood  in  terms 
of  the  large  out-of-plane  motions  of  the  H2CO  transition  state.  Preliminary  evidence 
suggests  that  the  vector  correlations  depend  strongly  on  the  initial  parent  quantum  state. 
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Vector  Correlations  from  Doppler-broadened  Lineshapes 

State-selected  Dissociation  of  Methyl  Nitrite 
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Physikalisch-Chemisches  Institut  der  Universitat  Zurich,  Winterthurerstrasse  190, 
CH-8057  Zurich,  Switzerland 


The  theoretical  framework  needed  to  analyse  sub-Doppler  lineshapes 
obtained  by  2-1-1  LIF  spectroscopy  is  outlined  and  applied  to  data  for  the 
state-selected  photodissociation  of  cis- methyl  nitrite  (CH3ONO).  Excitation 
into  the  second  overtone  of  the  terminal  N=0  stretch  (o'  =  2)  produces  NO 
fragments  with  zero,  one  or  two  vibrational  quanta  and  a  highly  correlated 
set  of  vector  properties.  These  vector  properties  can  be  quantified  in  terms 
of  five  bipolar  moments,  which  include  the  rotational  alignment,  the  transla¬ 
tional  anisotropy  parameter,  the  second  Legendre  moment  of  the  (o ,j) 
correlation  and  two  moments  which  characterise  the  three-vector  (ji,  v,j) 
correlation  [p\(2T)  and  /3o(24)].  In  principle,  these  bipolar  moments  can 
be  used  to  separate  the  dissociation  dynamics  in  to  the  influence  of  a 
dissociation  lifetime  and  a  dissociation  geometry.  The  experimental  evidence 
for  the  photolysis  of  methyl  nitrite  implies  an  essentially  planar  dissociation 
geometry  leading  to  a  strong  perpendicular  (v,j)  correlation  [0S(22)  = 
-0.34±0.05].  The  slight  deviation  from  complete  planarity  is  probably 
caused  by  torsional  forces.  The  dissociation  lifetime  derived  from  the  value 
of  the  translational  anisotropy  parameter  appears  to  be  a  function  of  the 
fragment  vibrational  level.  A  simple  model  which  explains  many  of  the 
observations  is  presented  and  discussed  in  the  light  of  preliminary  classical 
trajectory  calculations. 


Molecular  photodissociation  is  a  primary  chemical  process  for  which  a  wealth  of 
dynamical  and  stereochemical  information  is  now  available.1'2  One  reason  for  this 
progress  is  the  combination  of  detailed  experimental  measurements  of  fragment  scalar 
and  vector  properties1'5  together  with  the  insight  afforded  by  modern  quantum  (and 
classical)  calculations  using  realistic  ab  initio  potential-energy  surfaces.6' 

In  the  present  paper  we  concentrate  on  the  dissociation  of  methyl  nitrite  into  methoxy 
and  nitric  oxide  fragments  following  excitation  into  the  vibrationally  structured  first 
absorption  continuum. 

CHjONO(So)  +  hv  -►  CHjONO(S, )  -*  CHjO  +  NO(X  2I1)  (1) 

This  system  has  several  interesting  features  amenable  to  experimental*'10  and  theoretical 
attack,"'13  including  a  prompt  vibrational  predissociation  on  a  well  characterised  and 
isolated  potential-energy  surface,  which  leads  to  an  anisotropic  angular  distribution  of 
fragments  with  markedly  non-statistical  properties. 

The  scalar  properties  and  some  vector  properties  of  the  fragments  have  been  discussed 
in  detail  elsewhere.''10  Here  we  present  new  results  covering  the  correlations  between 
the  vectors  pt,  v  and  j,  where  p  is  the  parent  molecular  transition  dipole  moment,  e  is 
the  NO  fragment  velocity  vector  and  J  is  the  fragment  rotational  angular  momentum. 
We  outline  the  theory  required  to  analyse  Doppler  profiles  obtained  using  2-1-1  LIF 
spectroscopy  and  use  the  resulting  bipolar  moments  to  discuss  the  vibrational  state- 
selected  dissociation  dynamics  of  methyl  nitrite  in  terms  of  an  essentially  planar  dissoci¬ 
ation  geometry  and  a  possible  fragment  state-dependent  dissociation  lifetime. 
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2  Vector  Correlations  in  Photodissociation 

Experimental 

The  experimental  set-up  and  technique  was  similar  to  that  described  previously.8,14  The 
laser  beams  were  generated  from  two  dye  lasers  (a  home-made  Hansch  type  for  photolysis 
and  a  Lambda  Physik  FL2002E  for  analysis)  pumped  by  the  same  excimer  laser  (Lambda 
Physik  EMG  101MSC)  which  was  operated  at  308  nm  With  a  10  Hz  repetition  rate.  The 
pulse  energy  of  the  photolysis  laser  was  maintained  at  <2  mJ  in  order  to  avoid  unwanted 
multiphoton  effects,  whilst  the  two-photon  absorption  of  the  NO  fragment 
(X  2I1-*  A  22+)  was  achieved  using  a  pulse  energy  of  <1  mJ  and  a  laser  linewidth  of 
ca.  0.05  cm'1,  determined  by  measuring  the  line  profile  of  a  thermal  NO  sample,  and 
monitored  continuously  using  a  thermally  stabilised  confocal  etalon  (Tecoptics,  finesse 
20-30, 400-500  nm)  mounted  behind  the  sample  cell.  A  10  ns  optical  delay  and  an 
operating  pressure  of  =£150  mTorrt  ensured  that  collisional  effects  could  be  ignored  on 
the  timescale  of  the  experiment.  Both  laser  beams  were  linearly  polarised  and  the  plane 
of  polarisation  could  be  rotated  by  Fresnel  rhombs  (Suprasil,  Steeg  and  Reuter)  mounted 
in  front  of  the  cell.  The  various  experimental  geometries  used  are  depicted  in  fig.  1. 

The  NO  fragment  was  detected  by  2+1  LIF  using  an  unpolarised  detector 
(Hamamatsu  R166UH  and  Schott  UV-R-250  filter  set)  which  collected  the  undispersed 
fluorescence  collinear  to  the  analysis  electric  vector  (ea).  The  signals  were  stored  and 
digitised  by  a  boxcar  integrator  (SRS,  SR250)  linked  to  a  Digital  Mine  1 1  computer. 
The  computer  also  controlled  the  excimer  laser  repetition  rate,  the  Fresnel  rhomb  rotator 
and  the  tuning  of  the  dye  laser  in  addition  to  correcting  the  signals  for  shot-to-shot 
intensity  fluctuations. 


D  M 


Fig.  I.  Alternative  experimental  geometries  (A,  B,  D  and  M)  for  2  + 1  LIF  spectroscopy.  Note 
that  in  each  case  the  a  vector  of  the  analysis  beam  (e, )  points  towards  the  detector  (D)  which 
accepts  unpolarised  light  The  laboratory-frame  z  axis  is  always  parallel  to  the  e-vector  of  the 
photolysis  beam  (c,).  At  the  magic-angle  geometry  (M)  the  beams  cross  at  35.3°,  the  angle 
between  e,  and  k,  it  54.7  ’  and  the  two  electric  vectors  are  at  90°. 


tlTorr- 101  325/760  Pa. 
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Theory  and  Analysis 

The  derivation  of  the  lineshape  function  for  2  + 1  LIF  is  analogous  to  that  described  by 
Dixon. 15  We  start  with  the  general  expression  for  the  LIF  signal  as  a  function  of  the 
symmetrised  and  re-scaled  alignment  parameters 

/  =  C5IZ(t,+  AjlV;  0  (2) 

Kq 

where  C  is  a  constant  (including  the  population),  5  is  a  line  strength  factor  and  z„+ 
is  a  coefficient  dependent  on  the  experimental  geometry,  the  transition  type  and  the 
number  of  photons  involved  in  the  absorption/emission  sequence. 

The  main  step  in  the  derivation  involves  re-writing  the  re-scaled  alignment  parameters 
as  a  function  of  the  Doppler  shift,  the  angle  0a  (between  ka  and  ep)  and  the  bipolar 
moments  which  characterise  the  correlated  (|a.,  v,j)  distribution  in  the  molecular  frame. 
The  transformation  used  is  specific  to  one-photon  dissociation  by  linearly  polarised 
light. 15  The  result  is  a  series  of  expressions  (one  for  each  bipolar  moment)  depending 
on  the  Zk,+  coefficients  and  some  Legendre  polynomials  of  the  Doppler  shift  which  can 
be  conveniently  re-written  as 

g(  v)  =  rr —  [  go + gi  Pi  ( XD ) + g4  P4(xD  )  +  g6  P6  (XD )  +  g8  Pg  (xD )]  (3) 

2  A  vd 

where  the  g,  coefficients  are  functions  of  the  experimental  geometry,  including  0a  and 
the  bipolar  moments.15 

The  structure  due  to  the  P4(xD),  P6(xD)  and  P8(xD)  terms  will,  in  general,  be 
smoothed  away  more  efficiently  by  the  laboratory-frame-molecule-frame  transformation 
(convolution)  and  the  integration  over  the  spread  of  fragment  translational  energies 
than  the  structure  due  to  the  P2(xD)  term.  Consequently,  we  ignore  all  but  the  first  two 
terms  in  eqn  (3).  This  assumption  can  be  partially  justified  by  adding  weighted  sums 
of  various  lineprofiles  to  eliminate  the  influence  of  the  P2(xD)  term  and  hence  confirm 
the  negligible  contribution  of  the  P4(xD)  term  (see  later). 

The  full  expressions  for  the  g0  and  g2  coefficients  are 

go  =  b0+b,  rio(02)  (4) 

g2  =  MS(20)  +  MS(22)+  Mo(22)  +  MS(24)  (5) 

where  the  form  of  the  b,  coefficients  is  given  in  table  1.  The  appealing  simplicity  of 
table  1  arises  from  the  fact  that  for  all  the  experimental  geometeries  studied  here  the 
axial  symmetry  of  the  final  fluorescence  step  is  preserved,  i.e.  we  collect  unpolarised 
light  which  travels  parallel  to  the  electric  vector  of  the  analysis  beam.  Furthermore,  the 
expressions  in  terms  of  the  q<k>  factors  are  still  quite  general,  and  the  only  difference 
between  the  equations  for  1  + 1  LIF  and  2  + 1  LIF  is  in  the  form  of  the  qik>  factors.  For 
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2+1  LIF  these  are  given  in  terms  of  the  a'  factors  of  ref.  (16)  by 

^<0>  =  1  —  5«022  (^) 

<J<21  =  <*202  — 5®222  — 5®224  (7) 

<J(4>  =  <*4 04  -  5®422  — 5®424-  (8) 

The  high-/,  limit  of  these  qtk>  factors  is  given  in  table  2.  Note  that  the  large  values 
of  the  q{4)  factors  for  2  + 1  LIF  contrast  strongly  with  the  values  found  for  1  +  1  LIF.  As 
a  consequence  it  is  not  possible  to  neglect  the  influence  of  the  /3o(24)  term  as  is  normally 
the  case  in  the  analysis  of  Doppler  profiles  obtained  using  1  + 1  LIF. 

Also  note  that  the  use  of  the  ‘magic  angle’  between  the  k  vector  of  the  analysis  laser 
and  the  laboratory-frame  Z  axis  ( || )  does  not  result  in  an  appreciable  simplification 
of  the  lineshape  as  claimed  by  some  authors1718  since  only  the  term  in  /3o(20)  vanishes. 
Consequently,  we  only  use  magic-angle  measurements  to  supplement  the  normal  right- 
angled  geometries  and  not  to  provide  any  additional  insight  into  the  details  of  the 
dissociation  dynamics.  It  is  possible  to  simplify  further  the  lineshape  function  by  setting 
other  angles  to  54.7  °,  e.g.  the  influence  of  the  emitted  photon  in  an  n  + 1  LIF  sequence 
can  be  removed  by  collecting  polarised  emission  with  its  e  vector  at  54.7  °  to  the  z  axis. 
The  usefulness  of  such  an  approach  will  be  discussed  in  more  detail  in  a  subsequent 
publication. 19 

The  analysis  of  the  Doppler  profiles  was  similar  to  that  described  before.14  The  line 
profiles  were  fitted  using  a  non-linear  least-squares  routine,  where  the  trial  function  was 
of  the  form 


_  I*-™-  W(v) 

1  J„  2Ai/d 


[l  +  ft-fl/Mxt,)]  dv 


where  v  is  the  frequency,  v  is  the  fragment  velocity  and  \vD=  v0v/c  is  the  Doppler 
width.  The  relative  Doppler  shift  is  given  by  x0  =  (v-  v0)/bvo  and  the  parameter  /3e„ 
is  equal  to  the  ratio  of  the  g  coefficients  described  above  ()3eff  =  gi/ go)-  The  distribution 
of  fragment  recoil  velocities  is  represented  by  W(u).  We  include  the  effect  of  the 
laboratory-frame-molecule-frame  transformation  and  the  finite  resolution  of  the  analysis 
laser  by  convoluting  the  trial  function  with  a  Gaussian  function.  Note  that,  in  principle, 
the  parameter  /3eH  can  be  a  function  of  the  fragment  velocity  v,  but  that  for  experimental 
convenience  we  assume  that  f9cf,  and  v  are  not  correlated.  We  also  assume  that  the 
(unknown)  functional  form  of  the  W(v)  distribution  can  be  approximated  by  a  Gaussian 
in  energy  units  [P(E,)],14  where  the  two  distributions  are  related  as  follows:30 

W(u)  =  rouP(E,)  (10) 

and  the  Gaussian  distribution  has  the  following  form 

P(Et)  =  ~=exp[-(El-£,)2/63e].  (11) 


Table  2.  High  J,  limit  of  the  q<k>  factors 


O. S 

P. R 

Q 


M.  P.  Dovker  et  al 


5 


The  mean  of  the  Gaussian  is  Et  and  the  f.w.h.m.  is  given  by 

A£,  =  2(In  2)1/jSe  (12) 

where  the  quantity  SB  is  just  \fl  times  the  standard  deviation  of  the  Gaussian  distribution. 

It  should  be  noted,  however,  that  the  Doppler  profile  fits  are  relatively  insensitive 
to  the  functional  form  of  W(u)  and  that  either  a  Gaussian  in  velocity  or  a  rectangular 
function  in  energy  fit  the  data  equally  well.  To  minimise  distortion  of  the  results  due 
to  the  spread  in  the  fragment  translational  energy  we  used  a  global  fitting  procedure 
whereby  1-4  profiles  (corresponding  to  the  four  possible  geometries)  were  fitted  simul¬ 
taneously  using  a  single  value  of  £,  and  AE,,  but  with  a  difference  0eB  for  each  profile. 
Furthermore,  by  generating  composite  profiles  which  correspond  to  a  0elf  of  zero  (and 
can  be  simulated  with  one  less  parameter)  it  was  possible  to  provide  an  additional  check 
for  the  A E,  values. 


Results 

All  of  the  results  described  below  were  obtained  by  exciting  the  methyl  nitrite  parent 
molecule  at  350.8  nm  in  to  the  v'  =  2  band  (two  quanta  of  the  terminal  N  =  O  stretch) 
and  monitoring  nascent  NO(X2II)  produced  in  v”  =  0, 1  or  2  and  with  a  rotational 
quantum  number  of  j  —  33.5.  Thus  we  start  with  a  well  characterised  initial  state  from 
which  dissociation  may  occur  via  one  of  three  (vibrational)  exit  channels.  Since  we 
monitor  the  same  j  value  in  all  three  cases  the  additional  complication  of  disentangling 
./-dependent  dissociation  dynamics  from  /-dependent  alignment  values,  degree  of  elec¬ 
tron  alignment  (DEA)  values  or  bipolar  moments  can  be  safely  ignored. 

The  Doppler  lineshapes  for  the  v"~  1  exit  channel  are  shown  in  fig.  2  and  3.  The 
general  shape  is  well  represented  by  the  functional  form  l+0effP2(xD),  but  we  can 
make  an  additional  test  to  justify  the  neglect  of  the  P4(xD)  (and  higher-order  terms). 
From  table  1  it  follows  that  a  sum  of  three  line  profiles  for  geometries  A,  B  and  D  (see 
fig.  4)  will  depend  only  on  the  (v,j)  correlation  [i.e.  on  moments  of  the  form  fio(kk)] 
and  is  independent  of  any  correlations  involving  |x.  This  allows  the  immediate  qualitative 
conclusion  that  v  and  j  are  perpendicular  [Le.  03(22)  is  negative]  since  0eff  is  positive 
for  the  R  line  (very  small  dip)  and  negative  for  the  S  line  (small  bump),  whilst  the 
qm/qim  ratio  is  positive  for  the  R  line  and  negative  for  the  S  line.  Note  that  this 
conclusion  is  independent  of  any  fit  to  the  data  and  is  thus  also  independent  of  our 
assumption  of  a  Gaussian  spread  of  fragment  translational  energies. 

The  pair  of  composite  line  profiles  can  be  further  weighted  and  added  in  such  a  way 
as  to  remove  the  influence  of  the  03(22)  term  but  to  still  leave  behind  the  terms  in 
03(44)  and  03(66).19  Clearly,  these  higher-order  terms  make  a  negligible  contribution 
since  the  final  composite  lineshape  is  flat-topped  (see  fig.  4)  and  well  represented  by 
the  simple  functional  form  described  earlier.  Admittedly,  this  test  is  not  conclusive 
since,  we  have  not  justified  the  neglect  of  the  bipolar  moments  which  represent  the 
higher-order  components  of  the  three-vector  correlation  but  we  feel  that  these  approxima¬ 
tions  should  not  distort  the  remainder  of  the  analysis. 

The  set  of  eight  Doppler  lineshapes  foT  v"=  1  and  the  corresponding  data  for  v"-0 
and  2  yield  eight  separate  values  of  0eR  which  can  be  converted  ( via  the  solution  of  a 
set  of  over.Jetermined  simultaneous  equations)  into  four  bipolar  moments 
[0o(2O),  03(22),  03(22)  and  03(24)]  (see  table  3).  Following  previous  practice15  the 
value  of  0o(O2)  [equal  to  jAo  ]  was  determined  from  integrated  line  intensities  and 
used  as  an  input  parameter  in  the  extraction  of  the  bipolar  moments  from  the  set  of 
values  of  0tfl. 

The  Doppler  lineshape  analysis  also  yields  two  scalar  properties  of  the  photofrag¬ 
ments  (see  table  4),  namely,  £,,  the  average  translational  energy  and  A  Et,  the  f.w.h.m. 
of  the  translational  energy  distribution,  which  also  characterises  the  spread  in  the  internal 


intensity  residuals  intensity  residuals  intensity  residuals 
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Fig.  2.  Doppler  profiles  for  the  S„  [(a)-(c)]  and  R„  ((<*)-(/)]  transitions  originating  in  a  level 
with  y»33.5  for  the  geometries  A[(a),  (d)],  B [(6),  (e)]  and  D[(c),(/)]  portrayed  in  fig.  1. 
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(a) 


0.2 

jfl  . 

«  0.0  |v— 


-0.2 


0.0 


(*) 

»■  —V  ■ 


1.3 


energy  of  the  sister  methoxy  fragment.  The  latter  values  should  be  regarded  with  some 
caution  since  the  simulations  are  relatively  insensitive  to  A £,. 

Discussion 

The  main  features  of  the  dissociation  dynamics  of  methyl  nitrite  are  well  understood.8, 12,21 
The  C— O—  N=0  group  of  the  parent  molecule  is  approximately  planar  in  both  the 
cis  and  irons  conformers  of  methyl  nitrite.22  Excitation  in  the  first  absorption  continuum 
(S0  ~ *  S, )  corresponds  to  an  n-*  ir*  transition  originating  in  the  lone-pair  orbitals  of 
the  terminal  oxygen  and  nitrogen  atoms  and  terminating  in  the  delocalised  ir*  orbital 
which  involves  the  three  atoms  of  the  O— N=0  moiety.  The  transition  is  A'-*  A"  in 
character  and  is  associated  with  a  transition  dipole  moment  perpendicular  to  the  plane 
defined  by  the  O— N=0  group.  This  simplifies  the  interpretation  of  the  results  compared 


intensity 
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Fig.  4.  (a),  (i>)  Composite  profiles  formed  by  adding  the  lineshapes  for  geometries  A,  B  and 
D[(o)  is  S, 2(33. 5)].  (c)  Weighted  sum  of  the  R  and  S  transitions  (see  text). 


Table  3.  Vector  properties 


O 

II 

s 

a 

t>"=l 

■M 

■Bfl 

planar" 

P 

-0.54 

-0.82 

-0.95 

-1.0 

K1' 

sAnr/ip 

0.31 

0.39 

0.52 

0.8 

-1.44 

-1.19 

-1.37 

-2.0 

®EA 

0.33 

0.32 

0.28 

0.67* 

P°o(22) 

pU 22) 
elm 

-0.30 

-0.30 

-0.41 

-0.5 

0.34 

0.32 

0.34 

0.5 

-0.26 

-0.27 

-0.15 

-0.5 

*  For  a  hypothetical  planar  dissociation.  6  Upper  limit  for 
NO(X  Jm  in  j  «  33.5  (see  text). 
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Table  4.  Scalar  properties 


v"  =  Q 

v"=  I 

<N 

II 

a 

a 

<Kib° 

0.2 

0.5 

0.3 

0 

-0.54 

-0.82 

-0.95 

lifetime/fs6 

340  ±100 

170±60 

0-80 

lifetime/ fsc 

320  ±100 

120±50 

0-50 

E, 

5450 

4580 

3490 

AE, 

2500 

1950 

800 

aeje, 

0.46 

0.43 

0.23 

fd 

0.92-0.95 

0.92-0.97 

0.93-0.97 

°  Vibrational  quantum  yield  derived  from  the  data  of  ref.  (30). 
h  Using  the  quasi-diatomic  model21,24  (see  fig.  5  in  Felder  et  aL2*  ) 
and  assuming  an  uncertainty  of  10%  in/3.  r  As  for  ( b),  but  including 
the  effect  of  parent-molecule  rotation  as  the  fragments  separate 
(see  text).  d  Range  calculated  from  the  f.w.h.m.  of  the  Gaussian 
distribution. 


with  the  situation  for  a  parallel  transition  since  there  is  no  uncertainty  about  the  position 
of  the  molecular  frame  reference  axis  and  it  follows  that  the  initial  molecule-frame- 
laboratory-frame  transformation  is  unambiguous.  Dissociation  of  the  S,  state  occurs 
via  vibrational  predissociation.  The  two-dimensional  potential-energy  surface  involving 
the  coordinates  r(N=0)  and  R(0— N)  is  characterised  by  a  shallow  well  which 
introduces  a  small  barrier  along  the  reaction  coordinate.  The  potential  well  can  support 
quasi-bound  levels  which  give  rise  to  vibrational  structure  in  the  S0-»  S,  absorption 
spectrum. 

The  decay  of  the  excited  parent  molecule  occurs  by  one  of  two  routes,  namely,  by 
tunnelling  (a  vibrationally  adiabatic  process)  and/or  by  coupling  vibrational  modes  to 
the  reaction  coordinate  (a  non-adiabatic  process).  The  most  efficient  decay  channel  is 
promoted  by  coupling  of  the  N=0  stretching  mode  (which  supplies  one  quantum)  to 
the  reaction  coordinate.  This  gives  rise  to  the  propensity  rule  v"=  v'- l.12 

It  has  been  accepted  for  some  time8  that  the  positive  alignment,  negative  /?  and 
perpendicular  ( v,j )  correlation  (see  table  3)  are  firm  evidence  for  the  nature  of  the 
electronic  transition  and  the  planar  character  of  the  dissociation  process.  This  picture 
is  further  confirmed  by  the  values  of  the  two  additional  bipolar  moments  presented  here 
for  the  first  time.  @1(22)  is  positive  and  /So (24)  is  negative,  in  keeping  with  a  model 
where  p  ||y  and  e  is  perpendicular  to  both  [see  table  3  and  ref.  (15)]. 

However,  the  dissociation  of  methyl  nitrite  can  be  examined  in  further  detail  since 
we  have  the  possibility  of  vibrational-state  selection  in  the  parent  molecule  and  rovibra- 
tional-state  selection  in  the  NO  fragment,  which  leads  naturally  to  the  question;  how 
does  the  fine  detail  of  the  dissociation  dynamics  depend  on  these  three  quantum  numbers? 
We  shall  concentrate  here  on  the  influence  of  the  fragment  vibrational  level  and  address 
the  following  question;  is  the  dissociation  lifetime  for  the  dissociation  geometry  a 
function  of  the  NO  fragment  vibrational  level? 

In  order  to  separate  the  influence  of  parent  rotation  before  dissociation  from  the 
molecule  frame  dissociation  dynamics  we  consider  photodissociation  to  occur  by  a 
sequence  of  separate  steps 


M  +  hv  —  M* 

(13) 

M*  —  M* 

(14) 

M*  -*  A+B 

(15) 
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where  the  first  step  (photoexcitation)  prepares  the  excited  state  in  a  more  or  less  well 
defined  distribution  of  quantum  states.  The  subsequent  evolution  of  the  excited  parent 
molecule  may  lead  to  direct  or  indirect  (pre)dissociation,  and  may  possibily  involve  a 
change  of  molecular  geometry  and  the  rotation  of  the  whole  molecule  in  space.  Note 
that  the  theories  used  to  disentangle  the  influence  of  a  finite  dissociation  lifetime  from 
the  effect  of  a  non-limiting  dissociation  geometry23,24  are  based  on  the  simplification 
that  at  some  critical  time  the  molecule  arrives  at  the  ‘dissociation  geometry’  and  the 
fragments  begin  to  separate.  Thus  the  ill  defined  concept  of  the  ‘dissociation  lifetime’ 
includes  a  time  before  the  molecule  has  started  to  fragment,  when  the  parent-molecule 
geometry  is  approximately  conserved  ( i.e .  no  appreciable  bond  stretching  has  occured 
and  the  three  moments  of  inertia  are  approximately  constant)  and  a  time  during  which 
the  fragments  are  separating. 

In  the  present  case  of  vibrational  predissociation  the  excited  methyl  nitrite  molecule 
is  prepared  within  the  Franck-Condon  region  in  the  shallow  well  of  the  two-dimensional 
potential-energy  surface.  The  trajectory  evolves  within  this  well  until  it  passes  over  the 
dissociation  barrier.  The  residence  time  of  the  trajectory  in  the  well  represents  the 
dissociation  lifetime  and  the  top  of  the  barrier  determines  the  dissociation  geometry. 
Once  the  barrier  has  been  crossed  the  strong  repulsive  forces  lead  to  a  very  fast  separation 
of  the  fragments. 

This  model  allows  us  to  separate  the  influence  of  parent  rotation  in  the  laboratory 
frame  (prior  to  dissociation)  from  the  remainder  of  the  molecule  frame  dissociation 
dynamics.  The  reason  that  such  a  separation  is  non-trivial  arises  from  the  indirect  nature 
of  the  photodissociation  experiment,  where  state  selection  and  production  of  the  initially 
anisotropic  distribution  of  parent  molecules  occurs  at  time  t  =  0,  but  the  measurement 
of  the  fragment  vector  and  scalar  properties  occurs  at  a  time  long  after  the  fragmentation 
is  complete.  However,  we  can  make  progress  by  exploiting  the  vector  properties  of 
molecular  photodissociation,  especially  the  distinction  between  vector  correlations 
involving  only  molecular  frame  quantities  and  the  other  correlations  that  link  the 
molecular  and  laboratory  frames. 

The  vector  correlations  which  contain  a  component  from  the  molecule-frame-labora- 
tory-frame  transformation  are  those  involving  p  (the  parent-molecule  transition  dipole 
moment)  and  are  represented  by  the  bipolar  moments  0*  (k,  k2)(K  #  0).  These  include 
the  rotational  alignment  [related  to  05(02)]  and  the  translational  anisotropy  parameter 
[related  to  0o(2O)]  as  well  as  the  moments  which  describe  the  three  vector  (p,  v,j) 
correlation  of  which  only  pl(22)  and  0j(24)  have  been  measured. 

We  shall  consider  three  quantities  which  are  independent  of  the  molecule-frame- 
laboratory-frame  transformation  (and  hence  the  dissociation  lifetime),  namely  0?(22), 
the  degree  of  electron  alignment  (  DeA  )  and  the  ratio  of  the  alignment  to  the  translational 
anisotropy  parameter.  Each  of  these  terms  warrants  further  comment. 

The  term  0?(22)  represents  the  second  Legendre  moment  of  the  (c,j)  correlation 

P°o(22)  =  <P2  ( c,  /)>  =  {Pt  cos  K )>  (16) 

and  is  independent  of  the  laboratory  frame  since  the  vectors  c  and  j  are  only  produced 
at  the  moment  of  dissociation.  It  reflects  the  tendency  of  v  and  j  to  lie  parallel  (positive 
value)  or  perpendicular  (negative  value)  and  lies  in  the  range  -j«0{!(22)«+1. 

The  degree  of  electron  alignment  is  related  to  the  population  of  the  A-doublet 
sub-levels  of  the  NO(X  2II)  fragment  :  s  follows 


ff(A")-7T(A') 
ir(A")+  ir(A') 


(17) 


It  reflects  the  alignment  of  the  unpaired  p ir  electron  in  the  2I1  NO  molecule  with  respect 
to  the  plane  of  molecule  rotation. 25,26  DEA  is  a  symmetrical  function  ranging  from  -1 
to  +1  but  is,  in  general,  more  strongly  constrained  by  the  ./-dependent  mixing  of  the 
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A-doublet  sub-levels  so  that  for  NO  in  the  j  =  33.5  state  Z>EA  lies  between  -0.67  and 
+0.67.  The  relevant  limit  for  the  planar  dissociation  of  methyl  nitrite  considered  in  this 
work  is  +0.67. 

Another  vector  property  which  is  <  approximately)  independent  of  the  dissociation 
lifetime  is  the  ratio  of  the  alignment  to  the  translational  anisotropy  parameter.  Following 
Dixon15  we  write  the  alignment  and  0  as 

A{*2)  =  ?<P2[|i(t  =  0)-j(<  =  °o)]  08) 

0  =  2<P2[|i(f  =  0)  •  c(t  =  oo)]>  (19) 

where  |i(l  =  0)  represents  the  parent  molecule  transition  dipole  moment  in  the  laboratory 
frame  at  the  moment  of  absorption  and  the  vectors  j(t  =  oo)  and  v(t  =  oo)  represent  the 
final  positions  of  the  fragment  vectors  after  dissociation  is  complete.  Next  we  use  the 
azimuthally  averaged  addition  (AAA)  theorem  described  by  Herschbach  and  co- 
workers:27 

(PK(a-  b))  =  (P„ (a-  e)Pn(c-  h))  (20) 

to  separate  the  problem  into  two  parts,  one  part  before  dissociation  has  started  (up  to 
time  i)  and  the  other  part  after  dissociation  has  begun.  Hence 

AS2,  =  !<P2[»»«  =  0)-|i(»  =  /)]PJ[n«=0-j(f  =  oo)])  (21) 

0  =  2<P2[|i( t  =  0)  •  |a(/  =  t)]P2[»i(t  =  »)•»«  =  oo)]).  (22) 

If  we  now  assume  that  the  ‘dissociation  geometry'  is  independent  or  the  ‘dissociation 
lifetime’  then  the  quantities  in  angular  brackets  can  be  factorised  into  two  separate 
averages.  Finally,  we  take  the  ratio  of  the  two  expressions  and  cancel  the  lifetime  factor 
giving 

5Aj,21  _ffo(02)  (P2[p.(t=  0  ’i(<~oo)]) 

20  0o  (20)  <P2[»x(/  =  r)-p(t  =  oo)]> 

which  we  shall  call  the  ‘geometry  index’. 

We  now  return  to  the  dissociation  of  methyl  nitrite,  for  which  the  evidence  is  as 
follows.  The  vector  properties  that  depend  mainly  on  the  dissociation  geometry  [  0o(22), 
the  Db a  and  the  ‘geometry  index’  ]  are  approximately  constant  (see  table  3),  whereas 
the  alignment  and  0  (both  of  which  depend  on  the  dissociation  lifetime)  change 
considerably  with  the  fragment  vibrational  level.  However,  the  two  terms  that  charac¬ 
terise  the  (it,  v,j)  correlation,  and  would  be  expected  to  be  more  sensitive  to  the  influence 
of  parent  rotation  than  0  or  the  alignment,  are  approximately  constant. 

This  apparent  contradiction  prompted  us  to  examine  closely  the  data  for  all  the 
combinations  of  parent  and  fragment  vibrational  levels  which  we  had  measured.  This 
amounts  to  eight  sets  of  data  with  the  additional  values  being  for  the  following  combina¬ 
tions  of  v'  and  u"  (0,0),  (1,0),  (1, 1),  (3, 1),  (3, 2). 

The  average  values  for  some  of  the  bipolar  moments  together  with  their  standard 
•deviations  (<x„ )  are  as  follows: 

0?(22)  = -0.32  ±0.07;  0^(22)  =  0.29  ±0.05;  0^(24)  = -0.15±0.11. 

The  comparatively  small  level  of  scatter  for  0°(22)  and  0j(22),  and  to  a  lesser  extent 
0o(24),  confirms  the  pattern  of  results  seen  for  the  v'  =  2  data.  The  second  moment  of 
the  ( v,j )  correlation  is  approximately  constant  and  so  is  the  moment  0o(22).  However, 
for  all  these  cases  the  alignment9  and  the  translational  anisotropy  parameter29  are  a 
function  of  the  fragment  vibrational  level,  such  that  the  smallest  (magnitude)  of  the 
alignment  and  0  corresponds  to  fragments  which  differ  most  from  the  parent  state  in 
their  vibrational  quantum  numbers  ( v*  compared  with  v' ). 
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We  also  re-examined  the  analysis  procedure  by  which  the  bipolar  moments  were 
extracted  from  the  experimental  data.  This  procedure  rests  upon  two  assumptions, 
namely  that  the  fragment  translational  energy  distribution  can  be  approximated  by  a 
Gaussian  distribution  and  that  the  bipolar  moments  do  not  depend  on  the  fragment 
translational  energy. 

The  assumption  of  a  Gaussian  spread  can  be  justified  on  the  grounds  that  the  quality 
of  the  fit  is  relatively  insensitive  to  the  form  of  the  W(v)  distribution  and  that  the 
time-of-flight  profiles  for  CH30  fragments  produced  in  the  dissociation  of  methyl  nitrite 
are  approximately  Gaussian  when  plotted  as  a  function  of  translational  energy.29 

The  validity  of  assuming  that  the  bipolar  moments  are  independent  of  the  fragment 
translational  energy  is  more  questionable,  since  it  is  quite  possible  for  a  more  ‘violent’ 
fragmentation  to  produce  faster  more  anisotropic  fragments  than  a  fragmentation  in 
which  more  of  the  available  energy  ends  up  in  the  unobserved  degrees  of  freedom  of 
the  sister  fragment.  Furthermore,  the  speed  of  separation  of  the  two  fragments  in  the 
dissociation  of  methyl  nitrite  which  is  also  a  function  of  the  W(  v)  distribution  means 
that  parent-molecule  rotation  during  fragment  separation  can  influence  the  observed 
laboratory-frame  anisotropy.  This  point  can  be  illustrated  by  regarding  methyl  nitrite 
as  a  quasi-diatomic  molecule.  Note  that  this  approximation  is  probably  more  valid  for 
the  trans  conformer  since  this  species  is  closer  to  the  prolate-top  limit  (cigar-shaped) 
than  is  the  cis  conformer.  However,  it  is  the  cis  conformer  which  predominates  (by  a 
ratio  of  2: 1)  in  a  room-temperature  sample,  and  is  selectively  excited  (s*90%)  in  the 
absorption  step.  We  pursue  the  model  to  make  the  more  general  point  that  a  spread  of 
fragment  translational  energies  can  produce  a  corresponding  spread  in  the  translational 
anisotropy  parameter  or  even  in  some  of  the  other  bipolar  moments. 

The  effect  of  parent  molecule  rotation  whilst  two  fragments  are  separating  is  to 
produce  a  tangential  velocity  component  in  addition  to  the  axial-velocity  component 
produced  by  the  diatomic  recoil.23'  4  The  result  is  a  reduction  in  the  magnitude  of  beta 
by  a  factor  (/)  which  can  be  approximated  for  a  small  deflection  of  the  original  velocity 
vector  by 

/=l-3V2*BT/2Erel  (24) 

where  is  the  recoil  energy  of  the  two  fragments  (approximately  equal  to  twice 
E,(NO)  for  the  quasi-homonuclear  methyl  nitrite).  The /  factors  for  the  three  vibrational 
exit  channels  of  interest  here  are  given  in  table  4.  It  is  clear  that  this  mechanism  does 
not  produce  very  much  distortion  in  the  value  of  /3;  however,  if  the  effect  acts  on  several 
of  the  bipolar  moments  simultaneously  then  the  result  could  be  a  systematic  error  in 
the  final  bipolar  moments  since  these  are  extracted  from  the  set  of  values  of  /3cff,  each 
of  which  is  a  complicated  function  of  the  individual  bipolar  moments.  Model  calcula¬ 
tions  are  in  hand  to  assess  the  quantitative  influence  of  such  systematic  errors.  Also 
note  that  it  is  possible  for  a  more  general  exit-channel  interaction  involving  some  of 
the  vibrational  modes  of  methyl  nitrite  to  produce  a  tangential  velocity  component  and 
reduce  the  observed  laboratory-frame  anisotropy  in  an  analogous  way  to  the  effect  of 
parent-molecule  rotation  as  described  above. 

An  alternative  way  to  rationalise  the  apparently  contradictory  pieces  of  evidence  is 
to  postulate  a  slight  change  in  the  distribution  of  dissociation  geometries  which  has  no 
significant  effect  on  the  second  moment  of  the  (v,j)  correlation,  the  DEA  or  the  geometry 
index  but  which  alters  the  values  of  the  other  bipolar  moments.  The  plausibility  of  such 
an  assumption  is  probably  best  examined  by  means  of  classical  trajectory  calculations 
and  we  defer  further  discussion  of  this  point  to  a  subsequent  publication.28 

The  rest  of  this  section  is  based  on  the  assumption  of  an  approximately  planar 
dissociation  geometry  and  a  dissociation  lifetime  which  is  a  function  of  the  fragment 
vibrational  level.  The  relationship  between  the  translational  anisotropy  parameter  and 
the  dissociation  lifetime  has  been  considered  in  detail  by  Yang  and  Bersohn.24  We 
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follow  their  formulation  of  the  quasi-diatomic  model  which  assumes  a  Poisson  distribu¬ 
tion  of  dissociation  lifetimes  and  a  Boltzmann  distribution  for  the  rotation  of  the  parent 
molecule.  The  resulting  lifetimes,  which  strictly  speaking  are  upper  limits  based  on  the 
assumption  of  a  limiting  dissociation  geometry,  are  shown  in  table  4. 

We  quote  two  sets  of  lifetimes,  one  set  based  ,on  a  model  which  only  includes 
parent-molecule  rotation  before  fragment  separation  commences  and  another  set  which 
allows  for  the  tangential  velocity  component  produced  by  parent-molecule  rotation  as 
the  breaking  bond  continues  to  stretch.  The  difference  between  these  models  is  only 
significant  for  values  of  /?  close  to  the  theoretical  limit.  Table  4  indicates  that  the 
dissociation  lifetimes  associated  with  fragments  produced  in  v"  =  2  are  only  of  the  order 
of  1-2  0— NO  vibrational  periods,  suggesting  that  the  vibrational  predissociation  is 
virtually  direct  for  this  particular  exit  channel. 

The  simplest  kinetic  scheme  suitable  to  describe  the  state-to-state  dissociation  of 
methyl  nitrite  is  shown  below: 

CH3ONO(u'  =  2)  NO(  v"  =  0) 

CH3ONO(d'  =  2)  NO(u"=  1) 

CH3ONO(u'  =  2)  NO(t>"  =  2). 

The  overall  dissociation  rate  is  k,ota,~  ko+  k,  +  k2  and  the  quantum  yields  for  the  three 
exit  channels  are  given  by  tf>0  =  kf,/k,OUtl  etc.  This  simple  model  predicts  a  direct  correla¬ 
tion  between  the  state-to-state  rate  constant  for  a  particular  exit  channel  (inversely 
proportional  to  the  dissociation  lifetime)  and  the  quantum  yield.  The  experimental 
values  of  the  quantum  yield  based  on  the  vibrational  populations  measured  by  Lahmani 
and  co-workers30  are  shown  in  table  4  together  with  the  upper  limits  for  the  dissociation 
lifetimes  derived  from  the  values  of  the  translational  anisotropy  parameter. 

The  uncertainty  in  the  values  of  the  bipolar  moments  prevents  a  distinction  between 
the  translational  anisotropy  parameter  for  v"  -  1  and  v"  =  2,  but  both  are  clearly  different 
from  the  value  for  v"  =  0.  However,  this  trend  is  not  observed  in  the  vibrational  quantum 
yields  where  the  channel  leading  to  NO  in  t>"  =  1  dominates  over  the  other  two  channels 
and  would  therefore  be  expected  to  correlate  with  the  fastest  dissociation  in  contrast  to 
the  prediction  of  the  simple  model.  However,  a  slightly  refined  model  is  able  to  explain 
the  observed  trends. 

Suppose  that  the  initial  distribution  of  excited  parent  molecules  is  divided  in  to 
several  sub-sets  of  molecules,  each  of  which  is  predisposed  to  dissociate  along  a  particular 
exit  channel.  Thus  the  exit-channel  branching  ratio  is  determined  at  the  moment  of 
absorption  (presumably  by  the  phase  of  the  various  parent  internal  motions)  and  the 
evolution  of  the  parent  molecule  in  to  separating  fragments  (governed  by  the  dissociation 
lifetime)  is  now  independent  of  the  vibrational  quantum  yield. 

This  model  provides  two  possible  explanations  for  the  change  of  P  with  fragment 
vibrational  level.  The  three  exit  channels  can  correlate  with  different  sub-sets  of  the 
parent  molecules  that  consist  of  molecules  in  different  phases  of  their  internal  motions 
(giving  rise  to  different  dissociation  lifetimes)  or  the  three  exi'  channels  can  correlate 
with  parent  molecules  in  different  rotational  states.  These  molecules  could  dissociate 
at  the  same  (or  at  a  different)  rate  and  the  change  in  the  translational  anisotropy 
parameter  could  be  due  to  a  different  dissociation  lifetime  or  a  different  rotational  period. 

The  predictions  of  this  model  could  be  tested  by  multi-dimensional  classical  trajectory 
calculations  which  include  the  influence  of  the  C— O— N=0  torsional  mode  and  the 
vibrations  of  the  methyl  group.  Although  each  of  these  motions  may  be  expected  to 
have  only  a  slight  influence  on  the  rate  of  escape  from  the  flat  region  of  the  excited-state 
potential-energy  surface  accessed  by  photo-excitation,  it  is  still  possible  for  the  combined 
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effect  of  these  neglected  motions  to  have  an  influence  on  the  dynamics.  Unfortunately, 
calculations  of  this  sophistication  are  impracticable  at  the  present  time. 

Preliminary  classical  calculations31  based  on  a  three-dimensional  potential-energy 
surface  £[/?,  r,  fl(ONO)]  suggest  that  the  dissociation  lifetime  should  be  independent 
of  the  fragment  vibrational  level.  However,  it  should  be  stressed  that  this  result  could 
change  when  the  dynamics  in  the  critical  region  of  the  potential-energy  surface  near 
the  small  dissociation  barrier  are  treated  quantum-mechanically. 

A  further  test  of  the  tentative  conclusions  reached  here  may  be  provided  by  direct 
measurements  of  the  dissociation  lifetime  made  possible  by  the  recent  advances  in 
femtosecond  laser  technology.32,33 

We  conclude  this  section  by  considering  the  reasons  for  the  slight  non-planarity  of 
the  dissociation  process.  This  effect  is  most  apparent  in  the  value  of  the  moment  /Jo  (22) 
which  loosely  corresponds  to  an  angle  between  t>  and  j  of  ca.  65-75°.  In  addition,  the 
effect  is  also  apparent  in  the  values  of  the  translational  anisotropy  parameter  and  the 
alignment,  since  for  fragments  in  v"  =  2  the  translational  anisotropy  parameter  is  close 
to  the  theoretical  maximum  for  a  perpendicular  recoil,  but  the  alignment  is  still  sig¬ 
nificantly  short  of  its  limiting  value  of  0.8.  This  observation  is  equivalent  to  noting  that 
the  geometry  index  is  not  equal  to  its  limiting  value  of  -2.0  for  a  planar  dissociation 
following  a  perpendicular  transition. 

An  explanation  for  these  observations  can  be  obtained  using  the  treatment  described 
by  Gericke  et  al.34  which  enables  us  to  transform  the  values  of  pl(22),  @1(22)  and  the 
alignment  into  expectation  values  for  the  square  of  the  angular  momentum  projection 
along  cartesian  axes  in  the  molecular  frame.  This  approach  rests  on  the  assumption  of 
pure  perpendicular  recoil  (v  1  p)  which  allows  the  expressions  quoted  by  Dixon15  for 
some  of  the  bipolar  moments  to  be  re-written  as  follows: 


Oz)  — {(20o(O2)+  i]/3}y0'  +  i) 

(25) 

0l)  =  «(22)+l]/3};u+l) 

(26) 

Oz)  =  {tl-2^(22)-2^(22)]/3};0  +  l) 

(27) 

where  the  fragment  velocity  is  parallel  to  the  x  axis  and  p  is  parallel  to  the  z  axis. 
Applying  these  equations  to  the  results  for  NO  in  t>"  =  0, 1  and  2  yields  the  following 
average  values: 

Ol>/LiO  +  l)]~0.6 
0*>/UU+i)]~o.i 

0*  VIA/' +i)]“  0.3. 

The  relatively  large  component  of  j  along  the  x  axis,  which  is  greater  than  the  possible 
contribution  from  rotation  of  the  parent  molecule  (fcB  T/2  *  100  cm'1  ),34  suggests  that 
the  main  reason  for  the  slight  non-planarity  in  the  dissociation  process  is  due  a  contribu¬ 
tion  from  some  torsional  force  which  tips  the  fragment  j  vector  away  from  being 
perpendicular  to  the  molecular  plane  and  towards  the  fragment  recoil  direction  (r). 
This  is  analogous  to  the  result  observed  in  the  photodissociation  of  hydrogen 
peroxide.34,33  However,  the  effect  is  (not  unexpectedly)  much  smaller  in  the  present 
case  than  that  observed  for  hydrogen  peroxide,  indicating  that  the  torsional  forces 
involved  are  much  less  significant.  The  most  likely  cause  of  this  effect  is  the  C— O— N=0 
torsional  vibration  of  the  methyl  nitrite  parent  molecule.  This  conclusion  reinforces  the 
intuitive  feeling  that  in  order  to  improve  the  classical  dynamical  treatment  of  the 
dissociation  of  methyl  nitrite12  it  will  be  necessary  to  include  the  effect  of  torsional  forces. 
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We  have  considered  the  utility  and  the  drawbacks  of  using  sub-Doppler  spectroscopy 
to  probe  the  vector  properties  of  fragments  produced  by  the  photodissociation  of 
polyatomic  molecules  and  have  illustrated  the  argument  with  data  for  the  state-selected 
dissociation  of  cis- methyl  nitrite.  Much  useful  qualitative  information  can  be  obtained, 
but  the  quantitative  treatment  of  the  results  suffers  from  the  need  to  make  several 
simplifying  assumptions  about  the  spread  of  the  fragment  translational  energy  distribu¬ 
tion  and  whether  this  spread  is  associated  with  a  change  in  the  microscopic  dynamics 
and  hence  the  bipolar  moments  which  characterise  the  dissociation. 

We  conclude  that  the  dissociation  of  methyl  nitrite  occurs  via  a  predominantly  planar 
dissociation  geometry  which  is  independent  of  the  fragment  vibrational  level,  but  the 
dissociation  lifetime  may  be  a  function  of  the  fragment  vibrational  level.  We  suggest 
that  this  problem  provides  an  interesting  example  for  direct  measurements  of  photo¬ 
dissociation  lifetimes  using  femto  second  photolysis  and  probe  pulses. 

Support  of  this  work  by  the  Schweizerischer  Nationalfonds  zur  Forderung  der  wissen- 
schaftlichen  Forschung  is  gratefully  acknowledged.  M.P.D.  thanks  the  Royal  Society 
(London)  for  providing  a  research  fellowship  as  part  of  their  European  Exchange 
Program.  We  also  thank  Dr  R.  Schinke  for  several  helpful  discussions. 
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The  photodissociations  of  OCS  at  157  nm  and  of  CH3I(CD31)  at  266  nm 
have  been  investigated  by  using  tunable  vacuum  ultraviolet  laser-induced 
fluorescence  and  multiphoton  ionization  to  probe  the  CO  or  S  and  the 
CH3(CD3)  or  I  photoproducts,  respectively.  In  the  OCS  dissociation,  sulphur 
is  produced  almost  entirely  in  the  S('S)  state,  while  CO  is  produced  in  its 
ground  electronic  state  and  in  vibrational  levels  u  =  0-3  in  the  approximate 
ratio  (t>  =  0):(u  =  l):(t>  =  2):(e  =  3)  =  (1.0):(1.0):(0.5):(0.3).  The  rota¬ 
tional  distribution  for  each  vibrational  level  is  found  to  be  near-Boltzmann, 
with  temperatures  that  decrease  from  1350  K  for  u  =  0  to  770  K  for  o  =  3. 
Measurements  of  the  CO  Doppler  profiles  demonstrate  that  the  dissociation 
takes  place  from  a  transition  of  predominantly  parallel  character  (/S  >  1.3) 
and  that  the  CO  velocity  and  angular  momentum  vectors  are  perpendicular 
to  one  another.  In  the  CD3I  dissociation,  the  ratio  of  CD,  (u  =  0)/( u  =  2) 
was  estimated  to  be  ca.  1 . 1 ,  with  multiple  determinations  in  the  range  0.47-2. 1 . 
A  value  for  the  CHj  (v  =0)/(v  =  2)  ratio  from  dissociation  of  CH3I  could 
not  be  estimated,  although  it  was  clearly  larger  than  that  for  CD3.  The  CH3 
(o"  =  0)  and  CD3  (i’  =  0)  products  from  this  dissociation  are  fitted  by 
120  ±  30  K.  and  105  ±30  K  rotational  distributions,  respectively.  The  dissoci¬ 
ation  mechanism  produces  alignment  in  the  molecular  frame  such  that  there 
is  a  strong  preference  for  K  =  0.  Assuming  that  the  relative  velocity  vector 
lies  along  the  CH3  C3  axis,  then  the  velocity  and  rotation  vectors  tend  to 
be  perpendicular. 


1.  Introduction 

Vector  correlations  are  playing  an  increasingly  important  role  in  the  elucidation  of 
molecular  dynamics  in  general,  and  of  photodissociative  events  in  particular.'’2  The 
principal  vectors  involved  in  these  latter  processes  are  the  transition  dipole  moment  p 
of  the  parent  compound,  which  can  be  aligned  by  the  polarization  vector  £  of  the 
dissociating  light,  the  rotational  vector  J  of  (one  of)  the  fragments,  and  the  relative 
velocity  vector  v  between  the  recoiling  photofragments.  The  angular  correlation  between 
p  and  v  gives  rise  to  the  anisotropic  laboratory  distribution  of  laboratory  recoil  velocities; 
observation  of  this  anisotropy  provides  information  about  the  alignment  of  the  transition 
dipole  in  the  molecular  frame  and  about  the  timescale  for  dissociation.’  The  correlation 
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between  p.  and  J  gives  rise  to  rotational  alignment,  as  characterized  by  emission  or 
absorption  of  light  of  a  preferred  polarization;  observation  of  alignment  provides 
information  similar  to  that  obtained  from  observation  of  anisotropy.4"^  The  correlation 
between  v  and  J,  or  the  ‘triple  correlation’  between  all  three  vectors  n,  c  and  J,  gives 
rise  to  complex  structure  in  the  Doppler  profiles  of  photofragments;  such  structure 
provides  a  glimpse  of  the  transition  state  of  the  parent  compound  at  the  moment  of 
bond  rupture.8"10  The  v,  J  correlation  is  independent  of  the  timescale  of  dissociation. 
This  paper  provides  two  examples  of  how  vector  correlations  may  be  used  in  the 
elucidation  of  photofragment  dynamics. 

Doppler-profile  measurements  on  the  CO  produced  in  the  1 57  nm  photodissociation 
of  OCS  are  reported  below  and  reveal  (1)  that  v  is  nearly  parallel  to  /x(0>  1.3)  and 
(2)  that,  as  expected  for  a  triatomic  dissociation,  r  and  J  are  aligned  perpendicular  to 
one  another.  The  dissociation  of  OCS  from  the  excited  '2  state  has  been  previously 
investigated  utilizing  the  157  nm  radiation  of  the  F2  laser.  Black  and  Sharpless1112 
studied  the  emission  from  the  'S  metastable  state  of  the  sulphur  atom.  A  value  of 
0.80±0.05  was  determined  for  the  S(‘S)  formation  in  the  157  nm  dissociation.  Ondrey 
et  al.  performed  time-of-flight  measurements  on  the  S-atom  product  and  interpreted 
them  to  indicate  that  the  CO  vibrational  distribution  was  highly  inverted,  with  a  peak 
in  the  vibrational  distribution  at  the  v  =  5  level  and  progressively  less  population  in 
lower  levels.13  Our  findings  demonstrate  that  S('S)  is  indeed  the  principal  sulphur 
product,  but  that  the  CO  fragment  is  much  less  vibrationally  excited  than  previously 
suggested.  The  near-parallel  nature  of  the  transition  confirms  that  absorption  is  pre¬ 
dominantly  to  the  ‘2  state. 

Multiphoton  ionization  (MPI)  spectroscopy  of  the  methyl  product  from  the  266  nm 
dissociation  of  rotationally  cooled  CH3I  and  CD}1  is  reported  below;  the  results  demon¬ 
strate  alignment  in  a  different  manner.  The  spectra  show  that  there  is  a  preference  for 
low  values  of  K ,  the  projection  of  the  methyl  rotation  vector  N  onto  the  top  axis.  In 
other  words,  the  methyl  fragment  preferentially  rotates  about  a  C2  axis  rather  than  about 
the  C}  axis,  in  contrast  to  the  recent  observation  of  Black  and  Powis14  concerning  the 
dissociation  of  room-temperature  CH3I.  The  explanation  for  the  difference  between 
these  two  experiments  appears  to  involve  the  rotational  motion  of  the  parent  compound. 
Our  results  also  suggest  tht  the  methyl  fragment  has  far  less  vibrational  excitation  in 
the  v2  ‘umbrella’  mode  than  that  found  in  the  earlier  experiments  of  Sparks  et  al.'5 


2.  Experimental 

(A)  Tunable  V.U.V.  LIF  of  CO  from  the  157  nm  Dissociation  of  OCS 

Sample  concentrations  of  10,  5,  2  and  0.5%  OCS  seeded  in  helium  were  supersonically 
expanded  through  a  pulsed  beam  valve  (Newport  BV-100)  with  a  0.5  mm  orifice  at 
25psit  stagnation  pressure  into  a  background  chamber  pressure  of  ca.  5xl0"5Torr.$ 
The  molecular  beam  was  intersected  ca.  20-30  nozzle  diameters  downstream  of  the 
orifice  by  both  the  photolysis  beam  and  the  probe  beam,  each  propagating  at  right 
angles  to  one  another  and  to  the  molecular  beam.  Laser-induced  fluorescence  (LIF) 
was  collected  through  an  LiF  window  at  45°  to  the  laser  beams  using  a  single  F/ 1  lens 
(MgF2).  This  technique  was  used  to  probe  the  vibrational  and  rotational  populations 
of  the  CO  product  on  the  A  'n  «-X  '2+  system  and  to  probe  the  sulphur  ('S,  'D,  3P) 
products  on  a  variety  of  atomic  transitions.  The  v.u.v.  required  for  these  measurements 
was  generated  by  two-photon  resonantly  enhanced  four-wave  sum-mixing  in  magnesium 
vapour,16  a  technique  which  has  been  used  by  our  groups  in  a  variety  of  experiments.17" 19 
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For  Doppler-profile  measurements,  air-spaced  intracavity  etalons  narrowed  both  of 
the  dye  lasers  used  to  generate  the  v.u.v,  and  the  tuned  dye  laser  was  scanned  by  ramping 
the  pressure  of  N2  in  the  grating/ etalon  housing.  The  etalon-narrowed  v.u.v.  linewidth 
was  0.16  cm"1  f.w.h.m. 

Unpolarized  photolysis  radiation  at  157  nm  was  produced  with  an  excimer  laser 
(Lambda  Physik,  EMG-101)  using  a  mixture  of  fluorine  and  neon  in  a  3  bar  helium 
buffer.  The  energy  output  was  1-5  mJ  per  pulse  at  50  Hz.  Aim  (nominal  /I  for  visible 
light)  LiF  lens  focused  the  light;  small  displacements  of  this  lens  allowed  a  4  mm  lateral 
shift  of  the  focus.  The  F2  spot  interesecting  the  beam  was  rectangular  with  ca.  4:1 
aspect  ratio;  the  long  axis  lay  along  the  probe-beam  direction. 

The  157  nm  intensity  was  monitored  by  visible  fluorescence  induced  on  the  nearly 
resonant  B'  2  A  «—  X  2II  transition  in  NO.20,21  The  v.u.v  passed  first  through  the  molecular 
beam  chamber  and  entered  unfocussed  into  the  NO  cell  containing  400  Torr.  A  4  int 
/I  lens  gathered  fluorescence  perpendicular  to  the  laser-beam  direction  onto  a  photo¬ 
multiplier  (Hammamatsu  1P120)  after  the  laser  had  traversed  a  3  in  path  through  the 
NO.  A  555-565  nm  bandpass  filter  and  temporal  discrimination  allowed  rejection  of 
the  scattered  red  laser  emission  and  the  white-light  laser  discharge  arc. 

Fluorescence  detection  of  the  S  and  CO  photofragments  was  accomplished  using  a 
solar-blind  photomultiplier  tube  (EMR  541G-09-17).  Signals  from  the  photomultipliers 
averaged  for  typically  ten  shots  by  gated  integrators  (SRS,  model  SRI 50)  with  apertures 
similar  in  time  duration  to  the  fluorescence  signals.  A  computer  (IMB  PC  or  DEC 
LSI-11)  collected  the  digitized  data  '.nd  controlled  the  dye-laser  wavelength  scanning. 
For  Doppler  profiles,  a  custom-built  (Quanta  Ray)  servo  was  used  to  ramp  the  nitrogen 
tuning  pressure.  For  each  Doppler  profile,  many  spectral  scans  were  taken  rapidly  in 
succession  without  averaging  and  then  later  combined  so  that  as  many  as  100  shots  per 
point  could  be  averaged  while  drifts  in  the  photolysis  laser  power  could  be  minimized. 


(B)  MPI  Spectra  of  CH3  following  the  266  nm  Photodissociation  of  CH31 

Our  MPI  apparatus,  similar  to  that  of  Dietz  e  al.n  consists  of  a  supersonic  molecular 
beam  source,  three  differentially  pumped  chambers,  and  a  home-built  time-of-flight 
(TOF)  mass  spectrometer.  The  first  chamber,  pumped  by  a  6  in  diffusion  pump,  houses 
the  molecular  beam  valve23  and  a  1  mm  diameter  skimmer  located  3  cm  from  the  nozzle. 
A  second  1  nm  diameter  skimmer,  located  in  the  second  chamber  at  a  distance  of  40  cm 
from  the  first  skimmer,  collimates  the  molecular  beam  so  that  when  it  reaches  the  laser 
interaction  region  in  the  third  chamber,  another  40  cm  downstream,  the  molecular  beam 
is  under  2  mm  in  diameter.  The  mass  spectrometer,  also  housed  in  the  third  chamber, 
has  a  vertical  flight  tube  jacketed  by  a  liquid-nitrogen  Dewar  to  enhance  the  vacuum 
by  cryopumping. 

A  quadrupled  Nd:YAG  (Quanta-Ray  DCR-1)  was  used  as  the  dissociating  (pump) 
laser,  providing  266  nm  light,  while  the  frequency-doubled  output  from  a  Nd:YAG 
pumped  dye-laser  system  (Quanta-Ray  DCR-1A  or  DCR-2A,  PDL,  WEX)  served  as 
the  ionizing  (probe)  laser.  In  the  experimental  geometry  used  for  this  work,  the  pump 
and  probe  lasers  passed  through  the  third  chamber  nearly  counter-propagating  with 
respect  to  each  other,  and  perpendicular  both  to  the  molecular  beam  and  to  the  vertical 
axis  of  the  flight  tube.  The  pump  beam  (ca.  3  mJ  per  pulse)  was  used  either  focussed 
with  a  300  mm  lens  or  collimated  with  a  3.3 : 1  telescope,  while  the  probe  laser  (ca.  mJ 
per  pulse)  was  focussed  with  a  7.5  cm  lens  mounted  inside  the  chamber  on  a  linear 
motion  feedthrough.  This  arrangement  simplified  the  laser  alignment  and  allowed  for 
fine  control  of  the  probe-laser  focus. 


1 1  in«*  2.54  x  10“!  m. 
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The  TOF  mass  spectrometer  is  of  the  two-stage  Wiley-McLaren24  design,  utilizing 
an  extraction  region  and  an  acceleration  region.  The  extraction  region  consists  of  a 
3.5  in  diameter  stairless-steel  repeller  plate  biased  at  +2090  V  and  spaced  2.54  cm  away 
from  a  grid  1,  itself  composed  of  a  3.5  in  diameter  stainless-steel  ring  supporting  a  90% 
transmissive  stainless-steel  mesh  and  biased  at  +1533  V.  The  acceleration  region,  defined 
by  grids  1  and  2,  is  1.27  cm  in  length.  Grid  2  is  also  composed  of  the  90%  transmissive 
mesh  and  is  held  at  ground  potential.  Upon  emerging  from  the  extraction  and  acceler¬ 
ation  regions,  the  ions  travel  through  the  105  cm  long,  2.0  in  inner  diameter  flight  tube 
and  are  subsequently  detected  by  a  Johnston  MM-1  particle  multiplier24  (10'  gain  at 
3  keV)  with  a  1.3  in  diameter  active  area. 

A  modular  home-built  pulse  generator/delay  unit  controlled  the  synchronization  of 
the  pulsed  nozzle,  lasers  and  data  acquisition  hardware.  Our  TOFMS  operates  in  two 
modes,  a  mass-scan  mode  and  a  wavelength-scan  mode.  The  mass-scan  mode  was  used 
for  discrete  wavelength  work,  where  the  laser  wavelength  was  fixed  and  either  the  full 
mass  spectrum  or  the  ion  arrival  time  distribution  for  a  particular  mass  was  collected 
with  every  laser  shot.  For  this  mode  of  operation,  the  signal  from  the  particle  multiplier 
was  amplified  by  a  xlO  preamp,26  digitized  and  averaged  using  a  LeCroy  9400  digital 
storage  oscilloscope27  or  a  LeCroy  TR8828C  transient  digitizer,  and  was  then  transferred 
to  an  IBM  PC  computer.  Alternatively,  digitization  and  averaging  were  accomplished 
using  a  Biomation  8100  waveform  recorder28  and  a  home-built  interface  with  data 
transfer  to  an  LSI  11/23  minicomputer.  In  the  wavelength-scan  mode  of  operation,  the 
amplified  particle  multiplier  signal  was  averaged  in  a  Stanford  Research  Systems  SR250 
Gated  Integrator/ Boxcar  Averager  unit,29  digitized,  and  transferred  to  an  LSI-11/23 
computerfor  data  storage  and  analysis.  For  TOF  wavele-  h  scans  under  traditional 
conditions,  where  the  desired  information  is  ‘mass  n  ion  signal  vs.  wavelength’,  boxcar 
gates  were  positioned  at  the  arrival  times  of  the  individual  masses  of  interest. 

The  dye-laser  power  was  monitored  during  wavelength  scans.  A  dye  cell  containing 
a  Rhodamine  6G  solution  was  positioned  so  that  the  dye  would  be  excited  by  a 
back-reflection  from  a  probe-laser  beam  steering  prism.  The  emitted  dye  fluorescence 
was  monitored  by  a  photodiode  and  served  as  a  measure  of  the  relative  laser  power 
during  the  experiment.  Generally,  one  channel  of  data  taken  by  the  computer  was 
reserved  for  the  photodiode  signal,  while  one  or  two  additional  channels  recorded  the 
ion  signal  data.  In  this  way,  ion  signals  having  an  n-photon  probe  laser  power  depen¬ 
dence  could  be  normalized  by  (photodiode  signal)".  The  pump  laser  power  was  periodi¬ 
cally  measured  using  a  power  meter,  rather  than  by  the  photodiode/ dye  cell  fluorescence 
method  because  its  power  remained  relatively  constant  throughout  experiments. 


3.  Results 


(A)  OCS 

1.  The  Relative  Yield  of  S('S) 

The  relative  amounts  of  S(‘S),  S(’D)  and  S(’P)  formed  in  the  157  nm  photodissociation 
of  OCS  were  determined  by  comparing  the  strengths  of  the  LIF  signals  for  the  corre¬ 
sponding  atomic  resonance  lines:  'P«—  'S  at  1688  A,  'P<—  'D  at  1448  A  and  5D«— 5P 
at  1484  A.  Measurements  following  dissociation  in  the  molecular  beam  showed  the 
S(3P)  signal  to  be  as  small  or  smaller  than  the  S('D)  signal,  and  both  were  much  smaller 
than  the  S('S)  signal.  A  possible  source  for  the  S(’P)  signal  is  dissociation  of  an  OCS 
cluster.  To  eliminate  the  possible  interference  caused  by  clusters  in  the  supersonic  jet, 
measurements  on  the  S('D)  and  S('S)  were  carried  out  in  a  flowing  gas  cell  at  a  pressure 
of  10  m  Torr.  The  S('S)  signal  was  greater  than  30  times  stronger  than  the  S('D)  signal. 
Some  difficulty  in  measuring  the  ratio  of  S('S)  to  S('D)  signal  strengths  was  caused  by 
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the  necessity  of  using  different  dyes  to  reach  the  two  transitions  and  different  photomulti¬ 
plier  bias  voltages  to  observe  the  signals.  The  factor  of  30  should  be  regarded  as  a 
minimum  value;  the  actual  value  may  be  as  large  as  1000.  From  these  observations,  we 
conclude  that  the  atomic  S  product’  is  formed  almost  exclusively  in  the  'S  state,  with 
less  than  3%  in  the  "D  state. 

2.  CO  Vibrational  and  Rotational  Distributions 

The  internal  energy  distribution  of  the  CO  (X  'S+)  photofragment  was  determined  by 
analysing  the  LIF  spectra.  To  prove  the  various  CO  product  vibrational  levels,  the 
(0, 0),  (1,  1),  (3,  2)  and  (5,  3)  bands  of  the  A  'Il*-X  '£+  system  were  recorded  and 
analysed.  A  small  region  of  the  spectra,  showing  portions  of  the  (0,  0),  (3,  2)  and  (5, 
3)  bands,  is  reproduced  in  fig.  1.  The  observed  spectra  were  normalized  by  the  measured 
v.u.v.  probe-laser  power,  and  the  intensities  for  the  unperturbed  rotational  lines  in  the 
spectra  were  measured  and  divided  by  the  appropriate  Honl- London  factors  to  obtain 
the  relative  populations  in  the  various  product  rotational  states  for  each  CO  vibrational 
level.  The  measured  population  distributions  based  on  Q-branch  transitions  are  shown 
as  Boltzmann  plots  in  fig.  2  for  v  =  0,  1,  2  and  3.  In  every  case  the  P(J)  distribution 
was  well  represented  by  a  single  rotational  temperature,  but  that  temperature  was  found 
to  be  different  for  the  different  CO  vibrational  levels.  The  full  data  set  provided  the 
following  rotational  temperatures: 

v  =  0,  Trot  =  1350  K;  v  =  1,  Trot  =  1300  K;  v  =  2,  Trot  =  980  K;  and  v  =  3,  Tro,  =  770  K. 

The  CO  product  vibrational  distribution  was  obtained  by  comparing  the  relative 
intensities  for  the  CO  ( A  'll  «-  X  ’X)  bands  detected,  normalizing  these  by  the  probe-laser 
power  and  correcting  for  the  detector  response.  These  corrected  relative  LIF  intensities 
were  converted  into  overall  band  intensities  using  the  known  rotational  temperatures 


wavelenglh/nm 


Flf.l.  Laser-induced  fluorescence  spectrum  of  the  CO  product  of  the  157  nm  OCS  photodissoci¬ 
ation  showing  the  regions  of  the  (5.3),  (3, 2)  and  (0,0)  bands. 
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Fig.  2.  Normalized  population  of  Q-branch  transitions  as  a  function  of  rotational  energy  for  the 
CO(u)  product  of  the  157  nm  OCS  photodissociation.  Analysis  of  the  full  data  set  provided  the 
temperatures  quoted  in  the  text.  The  vertical  offset  of  each  data  set  has  been  adjusted  for  clarity 
of  presentation.  0,  t)=0;  A,  p  =  l;  +,  t>  =  2;  x,  u  =  3. 


in  each  vibrational  level  to  calculate  the  integrated  intensity  for  each  band.  In  order  to 
obtain  relative  vibrational  populations  from  these  data,  the  integrated  band  intensities 
were  then  divided  by  the  appropriate  Franck-Condon  factors,  calculated  by  Waller  and 
Hepburn.30  The  relative  populations  found  were  (o  =  0):(t>  =  l):(o  =  2):(u  =  3)  = 
(1.0):  (1.0):  (0.5):  (0.3). 

Attempts  were  made  to  detect  v  =  4  and  v  =  5  products  by  recording  spectra  in  the 
region  of  the  (3,  4)  and  (5,  5)  bandheads  (1648  and  1630  A).  No  signal  was  observed 
from  these  bands,  in  spite  of  good  v.u.v.  intensity  and  Franck-Condon  factors.  From 
this  observation  we  conclude  that  the  population  in  v  =  4  and  v  =  5  is  less  than  5%  of 
the  v  =  0  product  population. 


3.  Doppler  Profiles  of  CO  Lines 

High-resolution  Doppler  spectra  of  the  CO  fragment  were  recorded  for  several  rotational 
lines  in  the  (0,  0),  (3,  0)  and  (1,  1)  vibrational  bands.  Typical  results  are  shown  in  fig. 
3  for  the  Q(  19)  line  of  the  (0,  0)  band  and  the  R(25)  lines  of  the  (3,  0)  band.  The 
calculated  Doppler  lineshapes  are  superimposed  on  the  data  and  will  be  discussed  in 
section  4  (A)3.  Shapes  qualitatively  similar  to  that  for  the  Q(19)  line  were  observed  for 
a  wide  range  of  Q-branch  transitions  in  all  vibrational  levels,  and  shapes  similar  to  that 
for  the  R(24)  line  were  observed  for  a  wide  range  of  P-  and  R-branch  transitions  in  all 
vibrational  levels.  To  model  the  lineshapes,  the  CO  velocity  was  selected  to  correspond 
to  the  CO(u  =  0,  J)  +  S('S)  channel,  and  the  vector  correlation  assumed  was  exJ.  The 
data  shown  are  best  described  by  a  parameter  of  1 .3,  although  the  actual  value  could 
be  somewhat  higher,  as  discussed  in  section  4  (A)3. 
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Fig.  3.  Doppler  scans  of  the  CO  product  of  the  157  nm  photodissociation.  Shown  are  the  R(25) 
line  (a)  and  the  Q(  19)  line  ( b )  of  the  CO  (v  =  0)  product.  The  difference  in  Doppler  profiles 
indicates  that  the  vectors  v  and  J  are  aligned  perpendicular  to  one  another. 


(B)  Methyl  Iodide 

The  methyl  radical  products  from  the  one-photon  A-band  dissociation  of  CH3I  or  CD, I 
were  probed  using  2+1  MPI  with  the  goal  of  obtaining  product  rotational  and  vibrational 
energy  distributions.  The  types  of  measurements  are  reported  in  this  section:  (1) 
probe-laser  wavelength  scans  in  pump/probe  experiments  and  (2)  pulsed  field  mass 
spectrometry. 

The  background  ion  signals  observed  with  either  pump  or  probe  laser  alone  in  the 
molecular  beam  need  to  be  either  eliminated  or  understood  in  order  to  study  the  intended 
photodissociation  process.  In  the  pump/ probe  spectra,  we  have  eliminated  the  back¬ 
ground  by  moving  the  probe  laser  outside  the  molecular  beam,  where  only  recoiling 
photoproducts  are  ionized.  In  the  puised-field  mass  spectral  measurements,  the  pump 
and  probe  beams  must  be  overlapped  in  the  molecular  beam,  requiring  a  more  serious 
investigation  of  the  background  ionization  processes.  Fortunately,  information  on  the 
kinetic  energy  and  angular  distributions  contained  in  he  pulsed-field  mass  spectral  data 
has  allowed  us  to  identify  and  minimize  the  background  interferences.  In  many  cases. 
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the  background  arises  only  from  dimers  and  higher  methyl  iodide  clusters.  Thus,  it 
serves  as  a  cluster  diagnostic  and  also  highlights  the  differences  in  dynamics  between 
monomers  and  clusters. 

Iodine  atoms  in  either  their  ground  (3P,/2)  or  spin-orbit-excited  (3P,/2)  states  have 
also  been  probed  using  2+1  MPI,  but  with  the  goal  of  obtaining  information  about 
angular  and  translational  energy  distributions.  The  iodine  measurements  have  been 
presented  in  previous  papers31-3'  and  are  used  in  this  work  primarily  as  a  diagnostic  for 
the  presence  of  methyl  iodide  dimers  or  higher  clusters. 

1.  Pump/  Probe  Results 

The  pump/probe  experiments  used  a  266  nm  pump  laser  to  dissociate  CH3I  or  CD, I 
and  a  tunable  probe  laser  to  ionize  the  photoproducts  outside  the  molecular  beam.  The 
resulting  CD,  spectra,  obtained  using  the  two-photon  3p  2A.2"  2p 2 Aa"  transition33  are 
displayed  in  fig.  4,  while  spectra  of  similar  quality  were  obtained  for  CH,.  Several 
previously  unreported  hot  bands  appear  in  these  spectra.  Most  of  the  vibrational  activity 
observed  in  these  spectra  can  be  assigned  to  the  out-of-plane  bending  mode,  v2.  Hudgens 
et  al 33  observed  the  same  preponderance  of  v2  bands  in  their  methyl  spectra  obtained 
from  the  pyrolyses  of  dimethyl  sulphoxide  and  di-t-butyl  peroxide.  Rotational  structure 
is  quite  evident  in  a  number  of  these  bands,  particularly  the  0°,  2“  bands;  however, 
+ dividual  rotational  levels  and  their  spin  sub-levels  were  not  resolved.  Acquisition  of 
higher-resolution  spectra  was  prevented  by  predissociation  and  a  strong  intensity- 
dependent  broadening. 

(a)  Vibrational  Populations.  A  serious  concern  in  obtaining  vibrational  population  ratios 
is  that  different  rates  of  intermediate-state  predissociation  can  change  the  ionization 
efficiency;  consequently,  our  intensity  comparisons  were  limited  to  v"  progressions,  i.e. 
transitions  which  access  the  same  intermediate-state  vibrational  level.  We  compared 
the  Ojj  band  with  the  2“  band  and  the  2\  band  with  the  2,  band.  For  CH,  and  CD,,  the 
£tv  =  even  selection  rule  for  antisymmetric  vibrations  prevents  direct  comparisons 
between  fragments  with  even  and  odd  numbers  of  quanta  in  umbrella  mode  vibrations. 
Bands  such  as  the  2'0  band  are  forbidden,  and  so  cannot  be  compared  to  bands  such  as 
the  2j  band  to  obtain  the  (u  =  0):(u  =  1)  population  ratio. 


Fig.  4.  Two-photon  resonant,  three-photon  ionization  spectrum  of  the  CD,  3p 2  A,  *— 2  A]  transition. 
The  CD,,  generated  from  the  one-proton  dissociation  of  CD, I  at  266  nm,  is  probed  off-axis.  This 
spectrum  has  not  been  corrected  for  dye-laser  power.  The  peak  intensity  of  the  0“  band  is  off-scale 

in  this  figure. 
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Franck-Condon  factors  were  calculated  using  one-dimensional  wavefunctions  for 
umbrella-mode  transitions  in  CH3  and  CD3.34  The  similar  geometry  of  the  2p2A2" 
Rydberg  states  favours  sequences  over  progressions.  Because  poor  Franck-Condon 
factors  limit  the  number  of  observed  Av>2  transitions,  and  intermediate-state  predissoci¬ 
ation  in  the  higher  vibrational  levels  limits  the  total  number  of  v"  progressions  observed, 
the  task  of  obtaining  complete  vibrational  populations  is  a  difficult  one. 

Spectra  of  the  Oo,  2®,  2\  and  l\  bands  were  corrected  for  their  observed  quadratic 
laser  power  dependence,  integrated  and  divided  by  their  respective  Franck-Condon 
factors.  Fourteen  different  determinations  of  the  CD3  (v  =  0) :  (v  =  2)  vibrational  popula¬ 
tions  yield  an  average  ratio  of  1.1,  ranging  in  the  extreme  from  0.47  to  2.1.  We  place 
more  faith  in  the  larger-valued  ratios,  because  of  problems  with  dynamic  range  in  this 
measurement;  it  is  easy  to  saturate  the  stronger  0!J  band.  The  (u  =  l):(ti  =  3)  vibrational 
population  ratio  can  be  obtained  from  the  2  \  and  2  j  bands,  although  the  ratio  has  larger 
uncertainty.  The  ( v  =  1 ) :  ( v  =  3)  ratios  ranged  in  the  extreme  from  1 .2  to  10,  so  that  the 
dissw  ation  definitely  produces  more  v  =  1  than  v  =  3.  For  CH3,  the  ratio  of  0®  to  2® 
band  intensities  was  even  larger  than  for  CD3;  consequently  it  was  difficult  to  obtain 
an  accurate  value  for  the  ( v  =  0) :  ( v  =  2)  ratio,  although  it  is  clearly  larger  than  that  for 
CD3.  We  could  not  observe  the  2\  band  in  CH3,  so  a  comparison  of  v  =  1  to  v  =  3 
populations  was  not  possible. 

( b )  Rotational  Temperatures.  Eqn  (1)  provides  an  expression  for  the  rotational  energy 
levels  of  oblate  symmetric-top  molecules  in  non-degenerate' vibrational  levels  of  non¬ 
degenerate  electronic  states:1 

Fl K )  =  BU  ]J(J  +  1  )-(*(„,-  C(V]K\  ( 1 ) 

This  expression  assumes  unresolved  spin-rotational  interaction  and  neglects  centrifugal 
stretching  terms.  For  planar  symmetric  tops,  Cc  =  \Br.  From  the  rotational  energy 
expression,  one  can  see  that  for  parallel  bands  (A K  =  0)  having  similar  values  for  the 
initial-  and  final-state  rotational  constants,  all  K  components  will  fall  at  nearly  the  same 
frequency  for  each  J,  resulting  in  simple  O,  P,  R  and  S  branches  and  a  very  strong  Q 
branch.  The  0®  bands  of  CH3  and  CD3  and  the  2®  band  of  CD3  are  each  dominated  by 
a  sharp  Q  branch,  consistent  with  their  similar  values  for  B"  and  B’. 

Rotational  structure  simulations  were  completed  for  the  CH3  and  CD3 
3p  2\'i  2p  2Aj  0JJ  bands.  These  simulations,  shown  in  fig.  5  and  6,  were  based  on  the 
rotational  energies  of  eqn  (1),  the  rotational  constants  of  table  1  and  the  linestrength 
formulae  from  the  literature.35  Nuclear-spin  statistics  were  taken  into  account,  and  some 
excess  K  =  0  population  was  introduced  [see  section  4(B)],  The  Q  branch  is  ‘anomalously 
large’  in  linear  polarization,  and  we  did  not  attempt  to  match  its  intensity  in  the 
simulations.  Because  of  spectral  line-broadening  mechanisms  such  as  predissoci- 
ation14-57'3''  and  the  AC  Stark  effect,40  linewidths  greater  than  either  the  laser  linewidth 
(ca.  0.4  cm"1)  or  the  Doppler  width  of  fast  nascent  methyl  radicals  (up  to  1  cm"1)  were 
used  to  fit  the  data.  For  the  CD3  spectrum,  the  Q  branch  was  excessively  broadened 
relative  to  the  other  branches,  and  so  a  10  cm'1  linewidth  was  used  for  the  Q  branch, 
while  5  cm"1  linewidths  were  used  for  the  O,  P,  R  and  S  branches.  The  CH,  spectrum 
was  fitted  with  a  10  cm"1  linewidth  for  all  branches.  Rotational  temperatures  of  120  ± 
30  K  and  105  ±  30  K.  were  fit  to  the  CH3  and  CD3  0®  bands,  respectively. 

2.  Pulsed-field  Mass  Spectrometry  Results 

Kinetic-energy  measurements  on  selected  internal  states  of  methyl  photoproducts  have 
been  made,  using  the  ’core  sampling’  variant  of  the  pulsed-field  mass-spectrometric 
method  described  in  a  preliminary  communication.31  The  internal  state  of  the  probed 
fragment  is  chosen  by  tuning  the  wavelength  of  the  resonant  ionizing  laser,  while  the 
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Fig.  5.  A  comparison  of  the  fits  to  the  0°  band  of  the  CD3  3p  «—  2p  2A"2  transition.  The 
simulations  modeled  either  a  Boltzmann  distribution  of  K  levels  or  a  preference  for  K  =  0.  A 
national  temperature  of  105  K  and  linewidths  of  5  cm-'  were  used,  (a)  In  this  simulation,  K  =  0 
alignment  was  modelled  by  multiplying  the  K  =  0  contribution  from  a  Boltzmann  distribution  by 
a  factor  of  6.  ( b )  Observed  CD3  0°  band  spectrum,  (c)  Boltzmann  simulation. 


fragment  velocity  is  determined  from  the  arrival  time  ’ribution  of  the  corresponding 
ions  at  the  detector.  Data  for  CD,  have  been  show  i  in  an  earlier  communication,1" 
while  data  for  CH,  will  be  presented  elsewhere.34 

The  most  obvious  feature  of  these  arrival  time  distributions  is  the  ratio  of  methyl 
formed  in  coincidence  with  I  to  methyl  formed  in  coincidence  with  I*  increases  with 
the  number  of  quanta  of  umbrella-mode  excitation  in  the  methyl  radical  for  both  CH} 
and  CDj.31  To  obtain  numerical  values  for  the  1/1*  ratios  at  a  fixed  probe  wavelength, 
the  peak  areas  were  corrected  for  the  slight  measured  differences  in  0,’  [0(1)  =  1.7, 
0(1*)  =*  1.8]  and  for  differences  in  ion-collection  solid  angle  for  methyl  fragments  arising 
from  the  I  and  I*  channels,  we  have  assumed  that  any  velocity-dependent  ionization 
probability  effects  arising  from  t>,  J  correlations1’3  are  the  same  for  both  1  and  I* 
channels.  The  ratios  listed  in  tables  2  and  3  were  obtained  from  measurements  on  the 
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Fig.  6.  A  comparison  of  the  fits  to  the  0?  band  of  the  CH3  3p  JAJ  «-  2p  2  A;  transition.  The 
simulations  modeled  either  a  Boltzmann  distribution  of  K  levels  or  a  preference  for  K  -  0.  A 
rotational  temperature  of  120  K  and  linewidths  of  10 cm-1  were  used,  (a)  in  this  simulation, 
K  =  0  alignment  was  modelled  by  mutlif  lying  the  K  =  0  contribution  form  a  Boltzmann  distribution 
by  a  factor  of  5.  (b)  Observed  CHj  0$  band  spectrum,  (c)  Boltzmann  simulation. 


Q-bench  maxima  of  CH3  and  CD3  bands  indicated.  Based  on  multiple  determina¬ 
tions,  we  estimate  th„  uncertainties  to  be  ±0.05  for  CH3  v  =  0  and  CD3  v  =  0, 1  and  ±0.1 
for  CH3  v=l,2  and  CD3  v  =  2,3.  We  note  that  for  the  same  number  of  quanta  of 
umbrella-mode  excitation,  CH3  shows  a  larger  I/I*  ratio  than  does  CD3,  as  has  been 
previously  observed  in  the  248  nm  methyl  iodide  dissociation.41 

We  observed  a  strong  wavelength  dependence  on  the  I/I*  ratios  within  individual 
vibronic  bands,  which  we  believe  arises  from  two  sources:  a  variation  in  ratio  with 
rotational  level  and  a  variation  arising  from  the  effect  of  overlapping  vibronic  bands. 
The  task  of  obtaining  I/I*  ratios  for  individual  vibrational  levels  is  complicated  by  these 
wavelength  dependences.  However,  comparisons  of  I/I*  ratios  at  discrete  wavelengths 
in  the  CH3  and  stronger  CD,  bands  listed  in  tables  2  and  3  did  show  consistently  that 
the  smallest  I/I*  ratios  were  obtained  at  the  wavelengths  of  peak  intensity  in  each 
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Table  1  Methyl  rotational  constants  for  v2  excitation 


CH3° 

2p  2  a; 

CH3 

3p  2a; 

CH3b 

4P2a; 

CD3c 

2p  2A2 

CD3 

3P2a; 

CD3b 

4p  2  a; 

B0  =  9.57789  (16)  • 
B,  =  9.25814  (16) 
fl2  =  8.93320  (22) 

B3  =  8.60974  (28) 

B0  =  9.55 

B0  =  9.75 

B0  =  4.80198  (11) 

B,  =4.706848  (90) 
B2  =  4.61046  (14) 
b}  =  4.50688  (22) 

B0  =  4.764 

B0  =  4.8202 

°  C.  Yamada,  E.  Hirota  and  K.  Kawaguchi,  J.  Chem.  Phys.,  1981,  75,  5256.  h  For  the  CH3 
4p  2A2  <—  2A2  transition,  Black  and  Powis  [J.  F.  Black,  Ph.D  Thesis  (University  of  Nottingham, 
1987)]  used  a  value  of  AC  -AB=  -0.005,  and  they  used  -0.075  for  the  value  in  the  analogous 
CD3  transition.  We  used  AC -AB  = -0.075  for  the  CD3  3p  2A2 «—  2p  2A2  and  0.15  for  the 
corresponding  CH3  transition.  We  did  not  optimize  our  values  for  AC  -  A B.  rJ.  Frye,  T.  J.  Sears 
and  D.  Leitner,  J.  Chem.  Phys.,  1988,  88,  5300. 

The  CH3  3p  2A2  •*- 2p  2A2' 0[|  band  was  not  very  sensitive  to  rotational  constant  value.  The  error 
limit  could  be  as  large  as  ±0.1  cm-1.  For  CD3,  the  eror  limit  is  ca.  ±0.01  cm'1. 


Table  2.  CH3  Bands 


wavelength/nm 

band 

I/I*  ratios 

1*  quantum  yield 

340.8 

2? 

_ 

_ 

333.5 

OS 

0.08 

0.92 

329.4 

2: 

0.30 

0.77 

325.8 

2i 

1.1 

0.47 

319.1 

25 

— 

— 

317.9 

1 0 

- - 

— 

315.5 

2? 

— 

— 

Table  3. 

CD3  bands 

wavelength/nm 

band 

I/I*  ratio 

I*  quantum  yield 

339.3 

2? 

0.19 

0.84 

336.2 

..  25 

0.64 

0.61 

333.8 

oS 

<0.05 

>0.95 

330.5 

2  j 

0.09 

0.92 

327.8 

I! 

0.25 

0.80 

324.5° 

0.74 

0.57 

322.9“ 

li,2jb 

0.11 

0.90 

319.8° 

2] 

0.10 

0.9'. 

317.0° 

fi 

0.21 

0.83 

314.4° 

0.69 

0.59 

312.6° 

^4 

0.52c 

0.66 

°  1/ 1*  ratios  for  these  bands  may  be  affected  by  overlapping  vibronic 
bands.  '’There  may  also  be  a  contribution  from  the  2 J  band. 
r  Assuming  u"  =  0  recoil  velocities.  If  o’ =  4  recoil  velocities  are 
assumed,  the  ratio  is  0.57. 
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vibronic  band.  Consequently,  it  was  possible  to  obtain  lower  limits  for  vibrational  level 
I/I*  ratios,  as  are  quoted  in  those  tables,  by  taking  measurements  at  the  wavelengths 
of  peak  intensity.  As  the  wavelength  was  changed  to  probe  higher  rotational  levels,  the 
I/I*  ratio  increased,  often  from  2  to  4  times.  For  some  of  the  weaker  bands  poorer 
signal  levels  prevented  I/I*  measurements  away  from  the  band  maxima.  The  greater 
chance  of  overlapping  vibronic  bands  in  the  region  at  wavelengths  shorter  than  326  nm 
also  reduces  our  confidence  in  the  attribution  of  these  measured  I/I*  ratios  to  a  specific 
vibrational  state. 


4.  Discussion 


(A)  OCS 

1.  The  Quantum  Yield  of  S(‘S) 

Our  results  indicate  that  >97%  of  the  sulphur  product  from  the  157  nm  OCS  photodis¬ 
sociation  is  S('S).  This  conclusion  is  supported  both  by  the  small  magnitude  of  the  LIF 
signals  for  the  S(3P)  and  S('D)  species  relative  to  that  for  S(‘S)  and  by  the  widths  of 
the  Doppler  profiles  obtained  for  the  various  CO  LIF  lines,  all  of  which  were  consistent 
with  a  single  S('S)  dissociation  channel.  The  absolute  quantum  yield  for  the  S('S) 
production  was  found  by  Sharpies  et  aL  to  be  0.80 ±0.05." 12  Since  our  results  indicate 
that  the  S(3P)  and  S('D)  species  are  produced  in  less  than  3%  yield,  either  the  absolute 
quantum  yield  measured  by  Sharpies  et  al.  is  low  by  ca.  0.17  or  there  is  significant 
dissociation  through  a  channel  which  does  not  produce  sulphur  atoms,  e.g.  OCS  -*•  CS  + 
O.  Our  detection  system  is  insensitive  to  the  possibility  of  this  second  channel. 

2.  Internal  Energy  Distribution 

The  rotational  distribution  of  the  CO  fragment  of  157  nm  OCS  dissociation  can  be 
characterized  as  Boltzmann  for  each  vibrational  level  with  a  temperature  which  varies 
from  1350  K  for  v  =  0  to  780  K  for  v  =  3.  Such  high  rotational  temperatures  cannot  be 
predicted  for  a  sudden  dissociation  from  a  linear  state.  As  discussed  elsewhere,42  sudden 
approximations  to  a  dissociation  from  a  linear  state  predict  much  lower  rotational 
temperatures  in  models  based  on  (1)  an  impulse  approximation,  (2)  a  Franck-Condon 
approximation  and  (3)  the  ‘rotational  reflection  principle.’  It  thus  apoears  that  the 
rotational  excitation  is  caused  by  final-state  interactions  induced  by  non-linearity  in  the 
exit  channel  of  the  dissociative  state.  The  variation  of  rotational  temperature  with 
vibrational  level  is  consistent  with  a  statistical  model:  the  rotational  surprisal  is  nearly 
constant  for  all  vibrational  levels,  so  that  a  single  dynamical  constraint  appears  to  be 
responsible  for  the  distributions. 

The  vibrational  distribution  was  found  by  summing  line  intensities  over  the  appropri¬ 
ate  bands  and  correcting  the  ratios  so  obtained  by  the  Franck-Condon  factors  and  the 
photomultiplier  response  function.  Nearly  equal  populations  were  found  in  v  =  0  and 
v  *  1,  with  ca.  half  as  much  population  in  c  =  2  and  ca.  one  third  as  much  in  v  =  3. 

A  theoretical  prediction  of  the  vibrational  distribution  requires  a  complete  knowledge 
of  the  excited-state  potential-energy  surface.  This  information  is  not  available.  However, 
a  Franck-Condon  calculation43  which  takes  into  account  the  overlap  between  the  OCS 
molecular  ground-state  wavefunction  and  that  of  the  excited  state,  as  approximated  by 
an  Airy  function,  yields  a  distribution  in  reasonable  agreement  with  observation:42 
(t>“0):(p«l):(t>»*2):(i>“3)  =  (1.0):(1.0):(0.6):(0.17).  In  this  calculation  the  C— O 
bond  distances  in  the  CO  and  OCS  molecules  were  taken  at  1.128  and  1.160  A,  respec¬ 
tively,  while  the  excited-state  potential  was  approximated  by  an  exponential  repulsion 
in  the  dissociation  coordinate  characterized  by  a  slope  of  0.0025  dyn  at  the  ground-state 
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geometry  and  a  range  parameter  of  1.2  bohr"1.  However,  this  potential  overestimation 
the  OCS  absorption  bandwidth.42 

It  is  interesting  to  note  that  no  vibrational  excitation  is  found  in  the  222  nm  OCS 
dissociation  through  the  fiest excited  'A  state.44  In  this  case  the  energy  available  for  the 
nuclear  r  ition  is  comparable  to  that  available  in  the  1S7  nm  dissociation,  where 
vibrational  excitation  of  the  molecular  fragment  is  observed.  This  different  behaviour 
is  due  to  the  torque  exerted  on  the  CO  when  the  OCS  molecule  is  excited  to  the  highly 
bent  A  state.  As  a  result  of  this  torque,  50%  of  the  available  energy  is  deposited  into 
the  CO  rotational  degree  of  freedom,  resulting  in  a  highly  inverted  rotational  distri¬ 
bution.44 

The  vibrational  distribution  found  in  this  work  differs  substantially  from  that  found 
by  Ondrey  et  aL'3  In  their  work,  pure  OCS  was  expanded  through  a  pulsed  nozzle  into 
the  dissociation  chamber.  The  molecular  beam  was  then  irradiated  with  pulsed  light  at 
157  nm,  and  the  velocity  of  the  sulphur  atom  was  determined  by  a  time-of-flight 
technique.  The  high  vibrational  excitation  of  the  CO  fragments  was  inferred  from  the 
observed  slow  velocity  distribution  of  the  sulphur-atom  products.  One  potential  problem 
with  this  work  is  that  the  authors  hae  ignored  cluster  formation  in  cooled  beams.  It 
has  been  previously  demonstrated  that  dissociation  of  OCS  clusters  results  in  transla- 
tionally  cold  fragments.44  Moreover  it  is  expected  from  previous  results44  that  a  super¬ 
sonic  expansion  of  pure  OCS  will  produce  a  high  degree  of  clustering.  Even  with  a 
beam  of  10%  OCS  in  He,  based  on  the  Doppler  profiles  we  observe  at  least  a  10% 
contribution  from  slow  CO  molecules  product  from  photodissociation  of  clusters.  The 
problem  is  likely  to  be  much  worse  in  a  beam  of  pure  OCS. 

More  than  half  of  the  1 10.8  kcal  mor1  of  the  available  energy  for  the  CO  +  S  channel 
in  the  157  nm  photodissociation  is  utilized  for  the  63.4  kcal  mol"1  excitation  of  the  S('S) 
state,  leaving  46.9  kcal  mol"1  available  for  the  internal  and  recoil  degrees  of  freedom. 
Ca.  5.9  kcal  mol"1  or  12%  of  this  available  energy  is  deposited  in  vibrational  excitation 
of  the  CO  fragment,  while  another  1.9  kcal  mol"1  or  4%  of  the  available  energy  is 
deposited  into  CO  rotational  excitation.  Thus,  ca.  84%  of  the  energy  available  to  nuclear 
motion  is  deposited  in  the  relative  translational  recoil  of  the  two  fragments,  and  the 
Doppler  widths  are  quite  broad. 

3.  Vector  Correlations 

Calculated  and  observed  Doppler  profiles  of  the  Q(19)  line  and  he  R(25)  line  of  the 
CO  (u  =  0)  recorded  following  157  nm  photolysis  of  a  0.5%  mixture  of  OCS  in  helium 
are  displayed  in  fig.  3.  Reasonable  agreement  is  obtained  if  the  CO  (t>  =  0,  J  =  19)  or 
(»  =  3, 7  =  25)  velocity  is  assumed  to  be  that  which  would  be  produced  for  dissociation 
in  coincidence  with  a  S('S)  sibling  photofragment,  if  the  vector  correlation  between  v 
and  J  is  assumed  to  be  a  perpendicular  one,  and  if  the  recoil  anisotropy  is  assumed  to 
be  described  by  0  =  1.3.  That  the  dip  in  the  Q(  19)  line  appears  to  be  rather  more  shallow 
than  might  be  expected  for  this  value  of  /3  is  a  consequence  of  the  fact  that  the  F2  laser 
is  unpolarized  in  the  plane  perpendicular  to  its  propagation  direction,  which  decreases 
the  Doppler  profile  modulation  by  a  factor  of  four.  We  have  accounted  for  this  reduction 
in  our  analysis.  Even  so,  we  regard  the  value  of  0  =  1 .3  to  be  a  lower  limit.  CO  Doppler 
profiles  obtained  from  this  photodissociation  can  be  influenced  by  at  least  three  experi¬ 
mental  artifacts:  dissociation  of  clusters,  reduced  detectivity  because  of  molecular  motion 
on  the  timescale  of  detection  and  saturation  of  the  dissociation.  Our  attempts  to  evaluate 
these  factors  are  described  below. 

We  know  from  our  previous  work  at  222  nm  that  OCS  expansions  can  produce 
dimers  and  higher  clusters.44  Profiles  obtained  following  the  157  nm  dissociation  of  a 
beam  of  10%  OCS  in  helium  showed  that  alt  transitions  had  excess  intensity  in  the 
centre  of  the  Doppler  profile,  which  we  attribute  to  slower  fragments  produced  in  the 
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dissociation  of  clusters.  This  feature  was  reduced  in  5%  mixtures  and  was  absent  in 
mixtures  containing  less  than  2%. 

A  second  artifact  appeared  even  for  the  more  dilute  mixtures  when  highly  focussed 
pump  and  probe  beams  were  employed:  the  intensity  in  the  centre  of  all  transitions  was 
somewhat  reduced.  We  attribute  this  effect  to  the  rapid  motion  of  CO  fragments  out 
of  the  probe  beam  on  the  timescale  of  the  detection,  ca.  100  ns.  The  use  of  larger  pump, 
probe,  and  detection  volumes  eliminated  this  effect. 

A  third  possible  problem  is  that  the  F2  laser  may  saturate  the  OCS  dissociation  so 
that  the  initial  alignment  is  less  polarized  than  that  expected  in  the  weak-field  limit. 
Attempts  to  obtain  sufficient  signal-to-noise  ratios  at  lower  dissociation  intensities  are 
in  progress,  and  it  may  be  that  weaker  fields  will  produce  larger  modulation  of  the 
Doppler  profiles,  Le.  larger  values  of  f3.  Thus,  f3  =  1.3  should  be  taken  as  a  lower  limit. 

Fortunately,  the  above  effects  do  not  have  a  substantial  influence  on  our  measurement 
of  the  v,  J  correlation,  since  this  correlation  is  obtained  from  the  difference  between 
the  Q-  and  P-  or  R-branch  transitions.2,8'10  Our  finding  of  a  perpendicular  correlation 
is  consistent  with  angular  momentum  conservation.  Since  the  angular  momenta  of  the 
parent  compound  and  the  photon  are  all  quite  small  compared  to  the  angular  momentum 
of  the  CO,  conservation  requires  that  J  =  -L,  where  L  =  fi(vxb),  is  the  orbital  angular 
momentum  of  the  half-collision.  Since  L  is  perpendicular  to  v,  we  conclude  that  J  must 
also  be  perpendicular  to  r. 

(B)  Methyl  Iodide 

1 .  Rotational  Energy  Distributions 

Fits  to  the  methyl  rotational  distributions  observed  following  dissociating  methyl  iodide 
cooled  to  near  15  K  in  our  supersonic  beam  are  shown  in  fig.  5  and  6  and  indicate 
rotational  temperatures  of  120 ±  30  K  for  CH}  u  =  0  and  105  ±  30  K  for  CD3  v  =  0.  These 
fits  have  assumed  some  excess  population  in  K  =  0  levels,  to  be  discussed  below.  Using 
Er 0,  =  (3/2 )kBT,  we  find  the  average  rotational  excitation  to  be  125  or  109  cm-1  for  CHj 
or  CDj,  respectively.  Limitations  on  these  measurements  due  to  alignment  effects  on 
the  two-photon  line-strength  formulae  and  due  to  predissociation  in  the  methyl  3p  2A2 
Rydberg  state  have  been  discussed  elsewhere.32 

The  only  previous  study  of  dissociation  of  supersonically  cooled  methyl  iodide  was 
reported  by  Sparks  et  al. ,  who  used  a  300  cm  wide  rotational  distribution  in  order 
to  fit  a  vibrational  distribution  to  their  time-of-flight  data.  If  300  cm"1  is  taken  as  the 
average  rotational  energy  in  a  Boltzmann  distribution,  the  rotational  ivinperature  would 
be  286  K.  Our  more  direct  measurement  of  120  K  indicates  that  less  energy  is  disposed 
into  rotation. 

A  number  of  workers  have  studied  the  photodissociation  of  room-temperature  methyl 
iodide.  Hermann  and  Leone45  used  the  spectrum  of  infrared  fluorescence  from  the 
methyl  radical  to  learn  about  the  vibrational  distribution,  but  they  intentionally  relaxed 
the  rotational  distribution  by  use  of  a  buffer  gas.  Preliminary  results  from  recent 
diode-laser  absopriton  us.  gain  experiments  show  high  rotational  excitation,46  47  but  it 
is  likely  that  translation-to-rotation  excitation  on  the  timescale  of  observations  precludes 
a  determination  of  the  nascent  rotational  distribution.  Welge  and  coworkers48  used 
two-colour  MPI  to  probe  the  methyl  3s  2A',  «-2p  2A|!  transition  in  an  effusive  beam. 
From  their  fit  to  the  CD3  rotational  profile,  they  estimated  ca.  175  cm"1  of  rotational 
excitation,  corresponding  to  a  rotational  temperature  of  170  K,  but  the  CH}  3S 2 A',  state 
was  too  heavily  predissociated  for  them  actually  to  resolve  any  rotational  structure. 
Recently,  Black  ind  Powis14  have  fitted  a  200  K  rotational  distribution  to  their  effusive- 
beam  data  for  CHj,  probed  by  2  +  1  MPI  on  the  4p  2A2 «— 2p  2AJ  Rydberg  transition. 
The  mid-section  of  their  CD}  Boltzmann  plots  was  fitted  by  a  140  K  rotational  distribu¬ 
tion.  Thus,  in  the  two  effusive-beam/MPI  experiments,  where  the  initial  temperatur  of 
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the  CH31  was  ca.  300  K,  the  rotational  temperature  of  the  methyl  product  was  found  to 
be  lower  than  that  of  the  parent  compound,  whereas  in  our  experiments  on  a  rotationally 
cooled  beam,  the  methyl-product  temperature  was  found  to  be  higher  than  that  of  the 
parent  compound.  A  close  examination  of  the  source  product  rotation  is  called  for. 
One  source  might  be  that  initial  parent  rotation,  while  a  second  might  be  I— C— H3 
bending. 

(a)  Initial  Parent  Rotation.  We  consider  first  the  role  of  parent  rotation  and  whether 
it  could  cause  the  methyl  fragments  appear  to  be  warmer  than  the  parent  methyl  iodide. 
Conservation  of  angular  momentum  in  this  dissociation  may  be  stated  as 

Jcnt  + Jl,„  =  +  + L  (2) 

where  L  is  the  orbital  angular  momentum  of  the  half-collision,  Jhv  is  the  unit  angular 
momentum  of  the  photon  and  J,  is  the  angular  momentum  of  the  iodine  atom,  which 
is  equal  to  \  for  I*.  In  a  collinear  dissociation,  the  impact  parameter,  b,  would  be  equal 
to  0,  and  since  L  =  fi(vxb),  L  would  also  be  equal  to  0,  so  that  JCH}  would  need  to  be 
approximately  equal  to  Jc Hjl. 

Is  there  any  way  by  which  a  collinear  of  dissociation  could  result  in  a  higher  rotational 
temperature  for  the  CH,  than  for  the  CH3I?  At  first  it  might  seem  possible.  Since  both 
kBT  and  the  product  of  7(7+1)  times  hcB  are  proportional  to  the  rotational  energy 
(and  hence  to  each  other),  it  is  clear  that,  for  a  conserved  7,  the  rotational  temperature 
is  expected  to  increase  if  the  rotational  constant  increases  in  going  from  parent  to 
products.  Methyl  iodide  indeed  has  two  rather  small  rotational  constants,  those  about 
the  two  principal  axes  perpendicular  to  the  C3  axis  [B0(CH,I)  =  C0(GH3I)  = 
0.250  217  cm'1],  whereas  the  corresponding  rotational  constants  in  the  CH3  fragment 
are  rather  large  [A0(CH3)  =  B0(CH3)  =9.57  cm'1].50’51  If  most  of  the  rotational  angular 
momentum  about  these  two  CH3I  axes  were  retained  by  the  CH3  fragment,  the  difference 
in  rotational  constants  between  the  parent  and  fragment  would  result  in  greatly  increased 
rotational  energy,  t 

However,  a  closer  examination  shows  that  only  the  CH3I  rotations  about  the  C3  axis 
will  be  retained  by  the  CH3,  while  the  rotations  about  the  other  two  principal  axes  of 
the  parent  molecule  will  be  converted  almost  entirely  to  the  orbital  angular  momentum 
of  the  half-collision.  The  main  reason  for  this  high  conversion  to  orbital  angular 
momentum  is  that  the  CH3I  centre  of  mass  is  so  close  to  the  iodine.  A  detailed  treatment 
of  the  partitioning  of  rotation  about  the  axes  perpendicular  to  the  C3  axis  shows  that 
Jfr,JIp,nM  —  0.4%  .n  Thus,  we  see  that  if  this  dissociation  can  be  treated  as  a  linear 
one,  little  of  the  initial  parent  rotation  about  the  non-top  axes  will  be  retained  as  fragment 
rotation.  Instead,  essentially  all  of  it  will  emerge  as  the  orbital  angular  momentum  of 
the  half-collision. 

It  remains  for  us  to  consider  the  fate  of  the  parent  angular  momentum  about  he  top 
axis.  The  constants  for  rotation  about  the  C3  axis  of  the  fragment  and  the  parent 
[C0(CH3) *4.785 cm'1  and  A0(CH3I)  =  5.119 cm'1]49-50  are  quite  similar;  in  fact  the 
rotational  constant  is  actually  smaller  for  CH3  than  for  CH3I.  Thus,  if  the  angular 
momentum  about  the  C3  axis  is  conserved,  the  rotational  temperature  should  actually 
decrease.  We  conclude  that  parent  rotations  about  the  top  axis  cannot  account  for  the 
observation  that  the  rotational  energy  of  the  fragment  is  larger  than  that  of  the  parent. 

(b)  I— C— G3  Bending.  Rotational  excitation  could  be  the  consequence  either  of  conver¬ 
sion  of  the  zero-point  I— C— H3  bending  vibrational  into  rotation  or  of  dissociation 
through  a  non-linear  intermediate,  particularly  in  the  case  of  the  I  channel,  where  a 


t  Accepted  nomenclature51  auigni  the  C  axis  as  the  top  axis  for  an  oblate  symmetric  top,  such  as  CH3, 
while  the  A  axis  is  assigned  as  the  top  axis  for  a  prolate  symmetric  top,  such  as  CH,I. 
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curve-crossing  is  assumed  to  occur.  Measurements  of  the  anisotropy  parameter  demon¬ 
strate  that  the  primary  absorption  leading  to  formation  of  ground-state  1  is 
Ai(3Qo+)  *—  ’A„  just  as  for  formation  of  I*.  Ground-state  I  atoms  must  arise  from  a 
curve-crossing  to  a  state  of  E  symmetry.  Previous  authors41-52-53  have  suggested  that 
this  curve-crossing  can  be  made  allowed  by  an  e-type  vibration,  such  as  the  methyl 
iodide  v6  rocking  mode.  Such  parent  vibrational  excitation  would  impart  a  torque  in 
the  dissociation  leading  to  fragment  rotation  about  a  C2  axis.  Although  such  a  torque 
would  not  be  required  in  the  case  of  dissociation  to  the  I*  channel,  it  might  nevertheless 
be  a  consequence  of  either  the  shape  of  the  dissociative  potential-energy  surface  or  the 
zero-point  bending  motion.  Arguments  against  the  former  cause  come  from  the  absence 
of  bending  activity  in  the  Raman  spectrum  of  dissociating  CH3I.54  In  either  case,  the 
I— C— H3  bending  will  produce  methyl  radicals  which  should  be  (1)  rotationally  hotter 
than  expected  from  a  purely  collinear  dissociation  and  (2)  aligned  in  the  molecular 
frame  such  that  their  axis  of  rotation  is  perpendicular  to  the  top  axis.  In  addition,  since 
rotation  about  the  C2  axis  is  required  in  the  case  of  dissociation  via  the  I  channel,  it  is 
expected  (3)  that  the  methyl  radicals  produced  in  coincidence  with  I  will  be  rotationally 
hotter  than  those  produced  in  coincidence  with  I*.54  Data  supporting  prediction  (3) 
comes  from  our  core-sampling  results.  Comparisons  of  1/ 1*  ratios  at  discrete  wavelengths 
in  the  CD3  0„,  2{  and  22  bands  showed  consistently  that  the  smallest  I/I*  ratios  were 
obtained  at  the  wavelengths  of  peak  intensity  in  each  vibronic  band,  and  that  as  the 
wavelength  was  tuned  to  higher  rotational  transitions,  the  I/I*  ratio  increased.  Data 
supporting  prediction  (1)  have  been  discussed  above;  for  dissociation  of  rotationally 
cold  parent  molecules,  we  observe  that  the  fragment  rotational  energy  is  higher  than 
expected  on  the  basis  of  a  collinear  dissociation.  Data  supporting  prediction  (2)  will 
be  discussed  in  the  next  section.  There  is  indeed  strong  evidence  that  the  methyl  fragment 
is  rotating  preferentially,  though  not  exclusively,  about  an  axis  perpendicular  to  the  C3 
top  axis. 

We  conclude  by  postulating  a  possible  scenario  for  the  dissociation.  Rotationally 
cold  parent  molecules  dissociate  to  produce  minor  rotational  excitation  of  the  fragments, 
in  agreement  with  predictions  (l)-(2)  above.  The  rotation  imparted  to  the  fragment  is 
due  to  I— C— H3  bending  and  should  be  about  an  axis  perpendicular  to  the  C3  top  axis. 
For  parent  molecules  which  are  rotating  substantially  ( e.g .  those  starting  at  300  K),  the 
rotation  imparted  by  the  dissociation  is  completely  masked  by  the  rotation  carried  over 
by  conservation  into  the  fragment  from  the  parent.  While  parent  rotation  about  the 
axes  perpendicular  to  the  C3  top  axis  mostly  converted  to  orbital  angular  momentum, 
rotation  about  the  top  axis  is  converted  to  fragment  rotation,  also  about  the  top  axis. 
Because  the  rotational  constant  for  the  fragment  about  this  axis  is  smaller  than  that  of 
the  parent,  and  because  two  parent  rotational  degrees  of  freedom  have  been  lost  to 
orbital  angular  momentum,  the  fragment  rotational  temperature  is  colder  than  that  of 
the  parent.  Fragment  rotation  following  dissociation  of  rotationally  excited  CH,I  should 
be  aligned  along  the  top  axis. 


2.  Alignment  in  the  Molecular  Frame. 

Fragment  alignment  has  proven  to  be  extremely  useful  in  revealing  the  mechanism  of 
photodissociation.1-2  For  diatomic  fragments,  alignment  information  has  been  extracted 
from  polarization  measurements,  from  correlations  between  the  fragment  velocity,  v, 
and  its  rotational  angular  momentum,  J,  and  from  the  triple  correlation  between  r,  J, 
and  the  parent  transition  dipole,  p.  For  polyatomic  fragments  information  concerning 
alignment  in  the  molecular  frame  is  available  in  other  ways,  in  particular  from  K,  the 
projection  of  the  total  angular  momentum  onto  the  top  axis.  In  the  present  case,  K  =  0 
indicates  that  the  methyl  is  rotating  about  a  C2  axis,  while  K  =  ±  N  indicates  that  it  is 
rotating  about  its  C3  axis.  For  a  collinear  dissociation,  fragment  rotation  results  only 


18 


Photodissociation  Vector  Correlations 


from  parent  rotation  about  the  C3  axis,  as  discussed  above,  so  that  we  would  expect 
K  =  ±N.  For  a  non-linear  dissociation  of  a  rotationally  cold  CH3I  parent,  particularly 
one  induced  by  an  e-type  vibration,  we  expect  that  the  fragment  will  be  rotating  about 
a  C2  axis  so  that  K  =  0. 

Conveniently,  the  two-photon  spectroscopy  is  quite  different  for  these  two  limiting 
cases.  For  K  =  ±N,0  and  P  branches  are  inconsistent  with  the  A K  =0  selection  rule, 
so  only  Q,  R  and  S  branches  are  allowed.  In  contrast,  for  K  =  0,  the  selection  rule 
A •N  =  0,  ±2  holds,  allowing  only  O,  Q  and  S  branches.  Furthermore,  the  nuclear-spin 
statistics  enhance  the  alignment  effects:  for  CD3,  K  *  0  levels  display  slight  intensity 
variations  with  a  weighting  of  11:8:8  for  K=3N:K=3N  +  l:K='}N  +  2,  while  for 
CH3,  the  variation  is  4:2:2.  The  spin  statistics  are  much  more  pronounced  for  K  =  0 
levels  where  there  is  an  N  =  odd :  N  =  even  weighting  of  10: 1  and  CD3  and  0:4  in  CH3. 
Hence,  a  strong  preference  for  K=±N  would  be  evident  from  the  relative  dominance 
of  the  Q,  R  and  S  branches,  while  preference  for  K  =  0  would  be  evident  from  the 
enhanced  odd  or  even  N  lines  of  the  O,  Q  and  S  branches. 

The  CD3  0o  band  rotational  structure  shows,  indeed,  that  the  odd- N"  O-  and  S-branch 
lines  are  enhanced;  the  dissociation  mechanism  seems  strongly  to  favour  K  =  0  popula¬ 
tion.  Fig.  5(a)  shows  a  105  K  simulation  with  the  K  =0  contribution  multiplied  by  a 
factor  of  6,  while  Fig.  5(c)  shows  an  unaligned  simulation.  Fig.  5(b)  is  the  experimenal 
spectrum,  which  agrees  very  nicely  with  fig.  5(a).  A  CH3  0q  band  spectrum  is  displayed 
in  fig.  6(b)  and  simulated  in  fig.  6(a)  and  (c).  Once  again,  alternate  lines  of  the  O  and 
S  branches  are  enhanced  in  intensity,  ut  in  this  case  the  enhanced  lines  correspond  to 
even -N".  Again,  the  experimental  spectrum  agrees  best  with  K  =0  enhancement. 

The  alternating  intensities  make  a  particularly  strong  case  for  a  dissociation  mechan¬ 
ism  which  favours  K  =  0  alignment  in  the  molecular  frame.  We  have  found  no  other 
dynamical  arguments  capable  of  explaining  odd -N"  enhancement  in  CD3  and  even -N" 
enhancement  in  CH3.  Other  types  of  alignment  can  explain  enhancement  of  individual 
branches,  but  not  of  alternating  lines.  Only  K  -  0  nuclear-spin  statistics  result  in  the 
enhancement  of  every  other  line,  instead  of  every  third  line.  It  is  likely  that  there  is 
enhancement  for  other  low-K  values,  but  our  spectrum,  which  does  not  resolve  the 
individual  K  -components,  is  sensitive  only  to  the  K  =  0  component  through  its  influence 
on  the  nuclear-spin  statistics. 

The  recent  report  by  Black  and  Powis14  of  a  preference  for  CD3  K  =  ±  N  levels  in 
the  I*  channel  of  the  methyl  iodide  dissociation  at  first  appears  to  be  at  variance  with 
the  above  observations,  but  in  fact  the  two  experiments  are  complementary.  The 
effusive-beam  experiment  relied  upon  resolution  of  individual  Ks  to  provide  direct 
evidence  of  alignment.  This  experiment  is  most  sensitive  to  the  observation  of  K  =  ±  N 
levels;  the  K  =  ±N  lines  are  best  resolved  since  the  K  splittings  increase  as  2K  + 1.  As 
mentioned  above,  our  experiment  is  most  sensitive  to  K  =  0  molecular  frame  alignment 
because  this  alignment  can  be  observed  by  the  effect  of  the  CD3  and  CH3  spin  statistics 
on  odd  or  even  rotational  lines,  respectively.  Furthermore,  while  their  experiment  was 
performed  in  an  effusive  beam  with  non-negligible  parent  rotation,  ours  was  performed 
in  a  supersonic  jet  to  minimize  contributions  from  initial  parent  rotation.  For  a  rotation¬ 
less  parent  molecule  eqn  (2)  suggests  that  Jc h,  should  be  nearly  equal  to  -L,  so  that 
the  recoil  velocity,  v,  should  be  perpendicular  to  the  CH3  rotation  axis.  Both  the  Black 
and  Powis  results  and  ours  are  consistent  with  the  scenario  postulated  above  in  which 
K  =  ±N  molecular  frame  alignment  arises  from  initial  parent  rotation  and  K  =  0 
alignment  arises  from  I— C  — H3  bending.  Once  the  parent  has  been  cooled  enough  to 
reduce  the  alignment  due  to  initial  rotation,  the  alignment  due  to  I— C— H3  bending  is 
unmasked. 

The  observed  rotational  excitation  and  the  K  =  0  molecular  frame  alignment  have 
important  implications  for  the  I*  channel.  The  I  channel  of  the  dissociation  cannot 
entirely  account  for  the  observed  rotational  excitation  of  the  t>  =  0  methyl  radicals 
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because  the  measured  I/I*  ratios  indicate  that  little  of  the  v  =  0  methyl  ion  signalarises 
from  methyl  formed  in  coincidence  with  I.  Similarly,  the  amount  of  K  =  0  alignment 
observed  (particularly  at  low  N)  is  too  large  to  be  accounted  for  solely  by  the  I  channel. 
It  seems  that  the  I*  channel  of  this  dissociation  must  also  contribute  to  the  alignment, 
either  through  the  zero-point  I— C— H3  bending  or  through  bending  induced  by  a 
non-linear  dissociative  surface. 

While  we  have  described  the  alignment  of  methyl  radical  rotation  with  respect  to 
its  C}  axis  and  have  tacitly  assumed  the  recoil  velocity  to  be  parallel  to  this  axis,  we 
have  ignored  more  complicated  effects  of  the  correlation  between  v  and  J.  We  expect 
from  these  results  that  for  non-rotating  parent  molecules  v  should  be  perpendicular  to 
J,  while  for  strongly  rotating  parent  molecules  c  should  be  parallel  to  J.  Under  these 
conditions,  the  probe-laser  polarization  will  clearly  affect  the  detection  efficiency  for 
particular  dissociation  channels  and  rotational  branches.  In  light  of  the  evidence  for 
alignment  shown  in  these  experiments  and  in  those  of  Black  and  Powis,  further  efforts 
to  determine  the  contributions  of  c,  J  correlations  to  the  methyl  iodide  dissociation  will 
certainly  be  important. 

3.  Vibrational  Distributions  and  I/I*  Ratios. 

By  far  the  most  disconcerting  results  in  this  work  are  those  for  the  methyl  radical 
(e  =  0):(t»  =  2)  vibrational  population  measurements.  In  1981  Sparks  et  al.'5  derived 
vibrational  distributions  from  their  time-of-flight  data  that  showed  ca.  14  times  as  much 
CH3  (i>  =  2)  as  CH3  (u  =  0)  and  indicated  that  the  I*  channel  vibrational  distribution 
peaks  at  v  =  2,  while  that  for  the  I  channel  peaks  at  v  =  3  or  4.  Several  theoretical 
calculations55'59  used  potential-energy  surfaces  based  on  these  measurements.  The 
infrared  fluorescence  measurements  of  Hermann  and  Leone,45  while  not  providing 
populations  for  (u  =  0)  CH3,  appeared  to  confirm  the  measurements  of  Sparks  et  al.  for 
the  other  vibrational  levels.  We  find,  instead,  that  the  CD3  (v  =  0):(v  =  2)  ratio  is  ca. 
(1.1) :  (1.0)  (multiple  determinations  ranged  from  0.47  to  2.1),  while  that  for  CH3  is  even 
larger. 

We  are  satisfied  that  the  discrepancies  between  our  (t>  =  0) :  (v  =  2)  ratio  and  that  of 
Sparks  et  al.  do  not  arise  from  problems  with  the  Franck-Condon  factors  used  in  our 
analysis.  Our  core-sampling  measurements  of  I/I*  ratios  are  independent  of  the  Franck- 
Condon  factors,  yet  they  are  still  inconsistent  with  a  combination  of  the  vibrational 
populations  of  Sparks  et  al.  and  the  overall  I/I*  ratio  for  the  methyl  iodide  dissociation.60 
That  is,  if  we  apply  the  CH3  (t>  =  0):(u  =  l):(®  =  2)  vibrational  population  ratio  of 
(1.0):  (4.4):  (14.6)  measured  by  Sparks  etal.  to  ourCH3  ®  =  0,  v=  1  and  v  =  2  I*  quantum 
yields  of  0.92,  0.77  and  0.47,  respectively,  an  overall  I*  quantum  vield  of  ca.  0.56  is 
obtained:  [( 1.0)(0.92)  +  (4.4)(0.77)  +  ( 14.6)(0.47)]/[  1 .0+4.4  +  14.6)  =  0.56.  (We  have  not 
included  contributions  from  vibrational  levels  higher  than  v  =  2  in  this  calculation,  but 
because  the  I*  quantum  yields  decrease  with  increasing  vibrational  excitation,  the 
additional  contributions  would  lower  the  overall  I*  quantum  yield  still  further.)  Leone 
and  colleagues61  have  measured  a  quantum  yield  of  0.73  ±  0.04  for  the  266  nm  dissociation 
of  CH3I,  in  agreement  with  the  value  of  Riley  and  Wilson  of  0.76. 52  Photolysis  experi¬ 
ments  performed  at  nearby  wavelengths  or  with  broadband  sources61'68  have  provided 
similar,  or  even  larger  values  for  the  quantum  yield.  In  light  of  those  results,  an  I* 
quantum  yield  of  0.56  is  not  reasonable. 

Instead,  if  we  assume  vibrational  populations  in  keeping  with  our  M  PI  measurements: 
CH3  (o  =  0):(»  =  l):(o  =  2)  =  l.l:1.0:1.0,  and  neglect  higher  vibrations,  then  an  I* 
quantum  yield  of  0.73  is  obtained,  in  agreement  with  the  accepted  value.  Of  course, 
larger  populations  of  v  a  2  than  assumed  will  lower  the  quantum  yield  slightly,  while 
larger  populations  of  v  =  0  will  increase  it.  We  know  that  the  CH3  ratio  of  ( v  -  0) :  (»  =  2) 
is  larger  than  1.1  and  that  the  vibrational  populations  for  v>  2  are  not  negligible.  The 
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v  =  1  population  has  little  effect,  since  its  1*  quantum  yield  is  0.76,  very  close  to  the 
value  for  the  overall  yield.  Probably  any  increase  in  quantum  yield  from  the  underesti¬ 
mate  of  the  v  =  0  population  is  counteracted  by  the  decrease  from  the  underestimate  of 
the  v  >  2  populations.  Such  an  argument  would  explain  the  superb  agreement  of  our 
overall  quantum  yield  estimate  with  the  measured  yield  of  Leone  and  co-workers.61 

For  CD3,  a  (u  =  0):(t>  =  l):(c  =  2)  ratio  of  1.1:1 :1  and  neglect  of  v>2  provides  an 
I*  quantum  yield  of  0.90.  It  is  quite  likely,  however,  that  the  populations  of  vibrational 
levels  v  >  2  are  substantial,  and  because  those  levels  have  significantly  smaller  quantum 
yields  the  overall  quantum  yield  will  probably  be  smaller  than  0.90.  To  our  knowledge, 
no  quantum-yield  measurements  of  the  266  nm  CD3I  dissociation  exist  for  comparison, 
although  broad-band  photolysis66'68  and  274  nm  photoacoustic  measurements69  have 
provided  values  of  0.99  and  0.73,  respectively.  (Note  that  these  two  techniques  yielded 
values  of  0.92  and  0.76  for  CH3I  quantum  yield.) 

The  source  of  the  discrepancy  between  our  measurements  and  those  of  Sparks  et  al. 
apparently  lies  in  an  experimental  problem  encountered  by  the  latter  group.  Recent  as 
yet  unpublished  reports69  indicate  that  a  reinvestigation  of  the  photodissociation  of 
CH3I,  though  at  248  nm,  has  shown  that  the  data  of  Sparks  et  al.  were  contaminated 
by  vibrationally  excited  CH3I  which  produced  a  faster  CH3  ( u  =  0)  than  the  CH3  (v  =  0) 
from  vibrationally  cold  CH3I.  This  led  to  an  incorrect  bond  energy  and  misassignment 
of  the  time-of-flight  peaks,  so  that  the  vibrational  level  at  the  maximum  of  the  distribution 
is,  in  fact,  v"  =  0,  with  comparable  but  smaller  amounts  of  v"  =  1  and  2.  The  new  data 
also  shoW  some  v,  =  1  population.  These  data  are  in  much  better  agreement  with  those 
found  in  our  own  study. 


5.  Conclusions 

Vector  correlations  have  been  used  to  elucidate  the  photodissociations  of  a  CH3I  at 
266  nm  and  of  OCS  at  157  nm.  In  the  OCS  dissociation,  sulphur  is  produced  almost 
entirely  in  the  S(‘S)  state,  while  CO  is  produced  in  its  ground  electronic  state  and  in 
vibrational  levels  from  v  =  0-3  in  the  approximate  ratio  (t>  =  0):(i>=l):(t>  =  2):(t>  =  3)  = 
(1.0):  (1.0):  (0.5):  (0.3).  The  rotational  distribution  for  each  vibrational  level  is  found 
to  be  near-Boltzmann,  with  temperatures  that  decrease  from  1350  K  for  u  =  0  to  780  K 
for  v  =  3.  Measurements  of  the  CO  Doppler  profiles  demonstrate  that  the  dissociation 
takes  place  from  a  transition  of  predominantly  parallel  character  (0>  1.3)  and  that  the 
CO  velocity  and  angular-momentum  vectors  are  perpendicular  to  one  another. 

Our  experiments  have  provided  new  and  unexpected  results  for  the  266  nm  methyl 
iodide  dissociation  in  a  supersonic  molecular  beam.  We  have  found  that  the  CH3  ( v"  =  0) 
and  CD3  (v"  =  0)  products  from  this  dissociation  are  fitted  by  120±30  K  and  105±30  K. 
rotational  distributions,  respectively.  The  dissociation  mechanism  produces  alignment 
in  the  molecular  frame  such  that  there  is  a  preference  for  K  =  0.  The  K  =  ±N  preference 
obseived  in  the  effusive-beam  results  of  Black  and  Powis14  is  due  to  the  initial  CH3I 
rotation.  It  is  likely  that  photodissociation  through  both  the  I  and  1*  channels  is 
responsible  for  the  observed  K  =  0  preference,  perhaps  due  to  e-type  vibrations  of  the 
parent. 

The  ratio  of  CD3  (e  =  0)/(t>  =  2)  was  estimated  to  be  ca.  1.1,  with  multiple  determina¬ 
tions  ranging  from  0.47  to  2.1.  A  value  for  the  CH3  (»  =  0):(t>  =  2)  ratio  could  not  be 
estimated,  although  it  was  clearly  larger  than  that  for  CD3.  These  vibrational  ratios 
disagree  strongly  with  the  reported  measurements  of  Sparks  et  al.,'5  which  suggested 
CH3  (ti  =  0)/(t>  =  2)  ratios  ca.  0.07,  but  they  are  in  much  better  agreement  with  an 
unpublished  reinvestigation  for  the  same  laboratory.70  Our  core-sampling  measurements, 
showing  nearly  equal  amounts  of  I  and  I*  for  CH3  (»*=2)  and  primarily  I*  for  CH3 
(t>"  =  0),  support  our  measured  vibrational  population  ratio. 
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Vector  correlations  in  OH  fragments,  generated  through  vibrationally  medi¬ 
ated  two-photon  photodissociation  of  H202  at  ca.  750  nm,  have  been  deter¬ 
mined  through  Doppler-resolved  L1F  spectroscopy.  The  new  measurements, 
together  with  a  knowledge  of  the  photofragment  quantum-state  distributions 
and  an  understanding  of  the  dynamics  of  the  direct  sing/e-photon  dissoci¬ 
ation,  have  allowed  a  detailed  insight  into  the  intramolecular  dynamics  in 
the  vibrationally  excited  ground  state.  In  particular,  it  has  been  possible  to 
estimate  the  average  vibrational  mode  composition  after  IVR  over  a 
nanosecond  period.  Both  angle  bending  and  torsion,  as  well  as  large- 
amplitude  O—O  stretching  motions,  are  found  to  be  excited.  Extension  of 
this  experiment  into  the  picosecond  or  sub-picosecond  timescale  should 
offer  the  opportunity  of  monitoring  IVR  processes  in  real  time. 


Steric  indicators  of  intermolecular  reaction  dynamics,  e.g,  differential  cross-sections, 
product  polarizations,  sensitivity  to  reagent  polarization,  are  increasingly  valued  by 
students  of  reactive  and  inelastic  collisions,  both  at  surfaces  and  in  the  gas  phase.  They 
provide  a  three-dimensional  image  of  the  'shape'  of  the  interaction  potentials  in  both 
the  entrance  and  the  exit  channels,  a  measure  of  structure  and  its  reorganization  in  the 
course  of  atomic  and  molecular  collisions.' 

Measurements  of  product  polarizations  and  translational  anisotropies  following 
‘half-collision'  events  such  as  molecular  photodissociation  are  equally  valued  since  they 
either  supplement  structural  information  derivable  from  analysis  of  the  molecular 
absorption  or  emission  spectrum  or,  much  more  commonly,  they  provide  unique  evidence 
of  structural  changes  in  the  electronically  excited  molecule  when  fast  dissociation  has 
broadened  its  excited  state(s)  into  a  continuum.2-7 

Studies  of  state-resolved  intramolecular  processes  in  isolated  electronically  excited 
polyatomic  molecules  have  also  benefited  from  measurements  of  the  polarization  of 
their  spectroscopically  resolved  fluorescent  decay;  loss  of  polarization  reflects 
intramolecular  vibrational-rotational  energy  transfer  (IVRET)  promoted  through 
Coriolis  or  centrifugal  effects.'  9  Steric  indicators  have  not  yet  been  used,  however,  to 
probe  the  dynamics  of  intramolecular  vibrational  redistribution  (IVR)  in  the  ground 
electronic  state.  One  of  the  great  unknowns  in  this  process  is  the  changing  vibrational 
composition  of  the  excited  molecules  as  they  evolve  for  example,  from  an  initial  high 
energy  ‘local-mode  overtone’  state  into  a  mix  of  bond-stretching  and  angle-bending 
modes. 

The  development  of  vibrationally  mediated  photodissociation  by  Crim  and  co- 
workers10'14  offers  a  new  method  of  probing  this  evolution.  Unlike  conventional  single¬ 
photon  excitation  which  proceeds  through  a  vertical  excitation  near  the  ground-state 
equilibrium  geometry,  vibrationally  mediated  photodissociation  accesses  the  dissociation 
continuum  through  a  double-resonance  pathway  proceeding  via  the  intermediate  excita¬ 
tion  of  a  local-mode  X— H  overtone  state.  Its  subsequent  evolution  through  IVR  can 
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2  Photofragment  Vector  Correlations 

allow  Franck-Condon  excitation  to  occur  at  geometries  distorted  far  beyond  the  ground- 
state  equilibrium  dimensions.10'14  This  is  most  pronounced  when  the  total  absorbed 
photon  energy  is  not  very  far  above  threshold  and  when  the  electronically  excited 
continuum  state  is  strongly  repulsive.  Under  these  conditions,  photofragment  separation 
begins  at  a  range  where  any  angular  anisotropies  associated  with  bending  or  torsion 
about  the  dissociating  bond  will  already  have  been  greatly  weakened.  Polarization  of 
the  photofragments’  rotational  angular  momenta,  if  observed,  should  be  dominated  by 
contributions  from  angular  motions  in  the  intermediate  level. 

This  strategy  has  been  employed  in  a  series  of  experiments  using  H202  as  the 
exemplary  molecule15  since  it  has  already  been  used  as  a  bench-mark  system  (a)  to 
probe  the  dynamics  of  vibrationally  state-selected  predissociation  out  of  the  ground 
electronic  state  on  both  nanosecond14  and  picosecond16  timescales,  (i>)  to  probe  the 
stereochemical  dynamics  of  its  direct  photodissociation  following  single-photon  excita¬ 
tion  into  low-lying  electronic  continua  at  266.17,18  24819'21  and  193  nmJ and  (c)  to 
demonstrate  the  occurrence  of  vibrationally  mediated  photodissociation.10'15.  Using 
single-colour  excitation  (in  the  first  instance)  at  ca.  750  nm,  sequential  two-photon 
absorption  leads  to  dissociation  of  the  HO— OH  bond,  via  the  intermediate  excitation 
of  the  third  O— H  stretching  overtone,  4^(0— H).1012'15  The  energy  absorbed, 
26  666  cm-1  is  not  too  far  above  the  HO— OH  bond-dissociation  energy,  D0(HO— OH)  = 
17  300  cm1,  and  this,  together  with  the  Franck-Condon  constraint  restricts  secondary 
photon  absorption  to  molecules  for  which  the  HO— OH  distance  has  increased  from 
1.45  to  ca.  1. 8-2.0  A.  Comparison  between  the  final  photofragment  quantum-state 
distributions  and  their  recoil  velocity-rotational  angular  momentum  [e(/i),  v,j]  vector 
correlations  generated  under  direct  and  under  vibrationally  mediated  conditions  has 
allowed  (i)  assignment  of  the  electronic  continuum  states  accessed  at  long  range  (where 
the  lower-lying  interfragment  repulsive  potential-energy  surfaces  are  approaching 
degeneracy),  (ii)  assessment  of  the  separate  contributions  made  by  torsional  and  angle¬ 
bending  vibrations  to  the  rotational  excitation  of  the  recoiling  OH  fragments  and  (iii) 
determination  of  the  average  mode  composition  of  the  vibrationally  excited  molecules 
dissociated  by  secondary  absorption  out  of  the  overtone  state. 


Experimental 

Two  pulsed,  tunable  dye  lasers,  each  pumped  by  the  same  excimer  laser  (XeCl),  generated 
the  photolysis  (750  nm)  and  detection  (310  nm)  beams.  The  frequency  spread  of  the 
latter  was  narrowed  to  a  bandwidth  of  ca.  0.08  cm-1  by  insertion  of  an  etalon  in  the 
laser  cavity,  and  the  pulse  was  optically  delayed  by  ca.  10  ns.  The  polarization  of 
the  two  (necessarily  identically  polarized)  photons  absorbed  at  750  nm,  could  be  rotated 
to  lie  either  parallel  or  perpendicular  to  that  of  the  probe  allowing  the  co-axial  counter- 
propagating  photolysis  (p)  and  probe  (a)  beams  to  be  aligned  with  ctj|(epl||cp2)  (case 
A)  or  e.JL(ep,  ||ep2)  (Case  B)  (p,  is  the  overtone-pumping  photon  and  p2  is  the  photolysis 
photon).  The  iaser-induced  OH  (A-X)  photofragment  fluorescense  (LIF)  was  collected 
without  polarization  analysis,  along  an  axis  parallel  to  e. .  In  order  to  avoid  saturation 
and  any  complications  arising  from  photodissociation  at  the  probe  laser  frequency,  the 
detection  beam  was  first  expanded  by  a  factor  of  ca.  100,  then  attenuated  and  finally 
collimated  to  a  beam  of  1  mm  diameter.  The  overtone  pumping/ photolysis  radiation 
(<5  mJ  per  pulse  in  20  ns)  was  focussed  into  the  centre  of  the  cell  by  a  30  cm  focal-length 
lens,  while  H202  vapour  was  flowed  slowly  through  the  cell  at  pressures  in  the  range 
10-20  mTorr.t  Photofragment  LIF  signals  were  integrated  on  a  boxcar  system,  transfer- 


1 1  Torr- 101  325/760  Pa. 
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red  on  a  shot-by-shot  basis  to  a  microcomputer  where  they  were  normalized  to  the  probe 
laser  power,  averaged  and  finally  stored  on  disc  for  subsequent  data-processing.  The 
LIF  signal  intensity  increased  with  the  square  of  the  photolysis  laser  energy,  exponent 
n  =2.12±0.18:  neither  the  overtone  pumping  nor  the  subsequent  photolysis  step  were 
saturated  at  the  laser  fluences  employed  (ca.  1  GW  cm-2).  When  the  photolysis 
wavelength  was  scanned  across  the  spectral  region  occupied  by  the  overtone  band 
4^(0— H),  the  OH(A-X)  LIF  intensity  faithfully  followed  the  rotational  contours  of 
the  overtone  spectra  recorded  previously  by  Crim  and  co-workers.24,25. 

Data  Analysis 

Excitation  into  the  symmetric  and  antisymmetric  local-mode  states  (4,0)*,  4^(0— H) 
will  be  associated  with  transitions  polarized  perpendicular  to  the  0—0  axis,  either  type 
B  or  type  C;  the  rotational  contour  of  the  overtone  band  has  been  analysed  by  Diibal 
and  Crim  in  terms  of  a  perpendicular  transition  in  a  very  near  symmetric,  prolate  top.24,25 
Necessarily,  the  overtone  pumping  will  initially  generate  an  aligned  population  of 
vibrationally  excited  molecules.  However,  given  the  laser  fluences  employed  and  assum¬ 
ing  a  cross-section  for  secondary  photon  absorption  «10-19  cm2  ( cf.  the  value  estimated 
for  the  equivalent  step  in  H0N02  6)  the  average  interval  between  primary  and  secondary 
excitation  will  be  s»2  ns.  This  is  long  enough  to  allow  the  parent  molecular  rotation  to 
destroy  most  if  not  all  of  the  alignment  initially  present.27  At  300  K,  the  most  probable 
rotational  angular  momentum  J(H202)  =  10-11. 

Suppose,  for  the  sake  of  argument,  that  it  were  possible  for  the  absorbed  frequency 
to  select  a  population  of  H202  molecules  with  i(H2O2)  =  0.  Angular  momentum  con¬ 
servation  would  require 

j(h2o2)=;,+;2+j=o  (l) 

where  j, ,  j2  and  /  are,  respectively,  the  internal  and  orbital  angular  momenta  of  the  two 
OH  fragments.  When  the  fragments  were  monitored  via  the  R2(l)|  feature  in  the 
OH(  A-X)  LIF  spectrum  (corresponding  to  jt  =  ]),  the  Doppler-broadened  spectral  width 
indicated  an  average  rotational  angular  momentum  for  the  sister,  ‘unobserved’  OH 
fragment  of  j2  =  9.  Conservation  of  angular  momentum  would  necessarily  require  /**  9 
also  if  Jr(H2O2)  =  0.  Orbital  angular  momentum  can  be  acquired  through  the  tangential 
motion  imparted  by  parent  molecular  rotation  perpendicular  to  the  recoil  axis  and/or 
by  HOO  angle  bending.  The  latter  contribution  will  be  very  minor  since  it  is  the  0—0 
bond  rather  than  the  H— O  bond  that  breaks,  so  in  fact  J(H202)  must  be  greater  than 
zero,  confirming  the  argument  for  rotational  scrambling.  This  allows  us  to  neglect 
higher-order  terms  [C(cos4  0)  in  the  high-/  limit]  in  the  photofragment  anisotropies, 
referenced  to  the  molecule-fixed  frame  and  the  use  of  the  analyses  of  Greene  and  Zare28 
and  of  Dixon29  to  estimate  the  final  photofragment  velocities  and  vector  correlations 
from  the  Doppler-resolved  LIF  spectral  lineshapes. 

The  OH  Doppler-resolved  rotational  profiles  were  non-linearly  least-squares  fitted 
to  the  lineshape  function15,29 

S(S)  =  I^“  (l+0tf,P2(cos  0JP2)xo)  (2) 

after  its  convolution  with  a  Gaussian  (f.w.h.m.  =  0.1  cm-1)  to  accommodate  the  finite 
laser  resolution  (0.08  cm-1)  and  the  velocity  spread  associated  with  parent  molecular 
motion.  represents  the  ‘effective’  (velocity-averaged)  translational  anisotropy  and 
0,  is  the  angle  between  the  vectors  ePj(||ePi)  and  k,,  the  probe  laser  propagation  axis. 
W(u()  is  the  probability  that  the  observed  OH  fragment  [OH(l),  say]  is  bom  with  a 
velocity  u(;  Adq  and  are  the  corresponding  maximum  Doppler  shifts  and  relative 
displacements  from  the  line  centre. 
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The  distribution  WXt>i)  of  recoil  velocities  t>,  reflects  the  spread  of  internal  energies 
in  the  ‘unobserved’  OH(2)  fragments,  £[„,, 


/2(£av|-£;m)\1/2 
\  Moh  1 


(3) 


(where  £av,  is  the  maximum  energy  available  for  kinetic  energy  release).  The  experimental 
probabilities  W(vt)  may  lie  between  two  limiting  forms:  (a)  the  states  populated  in 
OH(l)  and  OH(2)  are  completely  correlated,  in  which  case  eqn  (2)  reduces  to  the  single 
recoil  velocity  form2’  and  the  profiles  may  be  fitted  with  Add  and  /3eff  as  the  optimized 
parameters,  or  ( b )  the  OH(l)  and  OH(2)  quantum  states  are  completely  uncorrelated. 
In  this  case  W ( t>, )  may  be  determined  directly  from  the  experimentally  observed  OH 
rovibrational  populations101213  and  the  Doppler  lineshapes  fitted  with  £av,  and  £fc„  as 
the  optimized  parameters.  As  described  elsewhere,29  these  two  sets  of  /3eff  values 
[determined  from  pairs  of  Q(AT')|  and  P(JV")f  transitions  in  at  least  two  geometries] 
are  employed  in  the  least-squares  solution  of  the  simultaneous  equations 

.  Mo(20)  +  Mg(22)  +  Mo(22) 

Pen  6o+Mo( 02)  (  ’ 

where  /3o(20)  =  j/3,  the  translational  anisotropy;  0J5(22)(P2(Joh  •  »oh)>,  the  v,  j  correla¬ 
tion;  /3o(22)  =  the  c,  j  correlation;  /3o(02)  =  5/4Ao(  ,  the  rotational  alignment; 

and  b0-b4  are  the  angular  momentum  and  geometrical  coupling  factors  listed  by  Dixon.29 
Rotational  alignments  (and  A-doublet  population  ratios)  were  obtained  separately  from 
the  measurement  of  the  integrated  intensity  ratios  for  Pf-  and  Qf -branch  lines  in 
geometries  A  and  B.  Data  analysis  of  the  Doppler  broadened  profiles  generated  two 
sets  of  bipolar  moments,  Po(kt,  k2),  corresponding  to  the  two  limiting  approximations 
for  the  velocity  distribution  W(v,)  (see  later,  table  2).  The  returned  values  of  £„„,, 
resulting  from  the  analysis  which  assumed  uncorrelated  fragment  pair  distributions, 
were  found  to  depend  somewhat  on  the  probed  OH  rotational  level,  implying  that  this 
limiting  assumption  was  not  correct. t  The  true  values  of  the  bipolar  moments  probably 
lie  somewhere  between  the  two  data  sets,  but  the  main  conclusions  to  be  presented  and 
discussed  below  are  common  to  both. 


Results  and  Discussion 

Doppler-resolved  spectral  profiled  have  been  recorded  for  OH  photofragment  rotational 
levels  N  =  1,  2,  3,  6,  10  and  14,  using  a  selection  of  P[,  QT,  R]  and  satellite  features. 
The  results  were  independent  of  the  choice  of  F,  or  F2  spin-orbit  states:  some  typical 
contours  recorded  for  case  A  and  case  B  excitation-detection  geometries  are  shown  in 
fig.  1-3.  Rotational  alignments  and  A-doublet  ratios  were  measured  from  the  relative 
integrated  intensities  of  P(N)f  and  Q(N)f  features,  recorded  under  the  two  alternative 
geometries:  the  rotational  population  distributions  reproduced  those  reported  earlier  by 
Crim  and  co-workers.101213  Tables  1  and  2  summarize  the  complete  set  of  scalar  and 
vector  data  for  the  two-photon  vibrationally  mediated  dissociation  at  750  nm:  they  also 
include  corresponding  data  for  the  single-photon  dissociation  at  248, 19-21  26617 18  and 
355  nm13  for  comparative  purposes. 


t  A  more  detailed  discussion  of  the  fragment  pair  correlations  will  be  given  elsewhere. 
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Fig.  1.  The  R2(l)  Doppler-resolved  profile  [from  the  0-0  band  of  the  OH  (A-X)  transition] 
obtained  after  vibrationally  mediated  photodissociation  of  H202  at  750  nm.  The  least-squares  fit 
and  residuals  correspond  to  data  analysis  using  eqn  (2),  assuming  an  uncorrelated  distribution 

function  for  (see  text). 


The  Translational  Anisotropy 

Single-photon,  direct  dissociation  in  the  ultraviolet  leads  to  fragment  recoil  with  an 
anisotropy  parameter  0  close  to  the  limiting  value  0  =  -l.  This  corresponds  to  fast 
recoil  perpendicular  to  the  parent  molecular  transition  dipole  and  is  consistent  with 
dissociation  via  the  lowest-lying  dissociation  continuum  H202(A  'A).17'21  In  contrast, 
under  vibrationally  mediated  conditions,  0,  while  still  negative,  is  considerably  smaller 
than  its  limiting  value.  The  reduced  magnitude  could  arise,  in  principle,  through  a 
number  of  possible  causes,  including  delayed  dissociation,  parent  molecular  rotation, 
internal  vibrational  motions  and  overlapping  transitions  into  two  neighbouring  continua 
associated  with  opposite  polarizations.  Of  these,  the  first  seems  unlikely  in  view  of  the 
repulsive  nature  of  the  excited  continua  and  the  greatly  increased  rotational  period  of 
the  ‘stretched’  molecule.  The  excitation  of  large-amplitude  antisymmetric  vibrations,  to 
be  effective,  would  require  an  extension  of  the  O— H  bond  distance  to  more  than  five 
times  its  normal  equilibrium  value!  Molecular  rotation  about  the  6  or  c  inertial  axes 
near-perpendicular  to  the  dissociating  bond  would  only  deflect  the  terminal  recoil 
velocity  vector  by  ca.  8°  and  reduce  0  by  6%  at  most.  Overlapping  transitions  into  the 
A  'A  and  B  'B  electronically  excited  continuum  states,  via  transitions  polarized  either 
perpendicular  (A  *-  X)  or  near-parallel  to  the  O—O  axis  (B «—  X)  are  left  as  the  most 
acceptable  interpretation  for  0k  -0.4.  Two  factors  would  encourage  such  behaviour: 
the  steadily  decreasing  separation  of  the  A  'A  and  B  1 B  continua  as  the  HO— OH  distance 
increases,  and  their  intersection  when  the  torsion  angle  <p  is  reduced  to  ca.  90°.30  When 
the  absorbed  energy  is  restricted  to  two  photons  of  wavelength  750  nm  the  constraints 
of  energy  conservation  and  the  operatin  of  the  Franck-Condon  principle  limit  secondary 
excitation  to  molecules  in  which  the  HO— OH  distance  has  been  extended  to  1. 8-2.0  A 
(see  fig.  4).  Torsion  about  the  O—O  bond,  between  the  preferred  frans-planar  geometry 


6 


Photofragment  Vector  Correlations 


Fig.  2.  The  Qi(6)  and  P,(6)  Doppler-resolved  profiles  in  geometries  A  and  B  (see  caption  to  fig.  1). 


of  the  A  'A  state  ( <p  =  180°)  and  the  cis-planar  geometry  of  the  B  'B  state  (<p  =  0°)  allows 
the  two  states  to  intersect  when  <p  =90°.31  Strong  excitation  of  the  torsional  mode  will 
be  identified  as  an  important  consequence  of  1VR  in  the  intermediate  overtone  state  in 
later  discussion. 


The  Source  of  TH  Photofragment  Rotational  Excitation 

When  hydrogen  peroxide  is  excited  directly  into  the  dissociation  continuum  by  absorp¬ 
tion  of  an  ultraviolet  photon  at  248  or  266  nm,  the  strong  positive  (v,j)  correlation  in 
the  rotationally  excited  OH  fragments  (P2(v0h  '  Joh))^  +0.4,  identifies  torsion  about 
the  O—O  axis  as  a  major  dynamical  feature.17"21  At  the  short  intemuclear  distances, 
r(0— 0)*re<I(H0— OH)  dictated  by  the  Franck-Condon  principle,  the  excited  poten¬ 
tials  Vk(<p)  [and  V6(v)l  each  display  a  strong  torsional  angular  dependence:'®  both 
experiment  and  theory 20'31,32  have  converged  in  assigning  torsional  motion  on  the  excited 
potential-energy  hypersurface  as  a  major  source  of  the  observed  rotational  excitation. 
The  zero-point  motion  in  the  ground  state  is  expected  to  play  only  a  minor  role  and 
the  parent  molecular  rotation  is  unlikely  to  be  effective  in  view  of  the  inertial  properties 
of  H202,  /„« 

When  the  photodissociation  is  vibrationally  mediated  via  the  overtone  state 
4«'(0— H),  the  upper  state  preparation  is  quite  different.  Now,  the  electronically  excited 
molecules  are  generated  with  highly  extended  0—0  distances,  where  the  torsional 
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Fig.  3.  The  Q,(  10)  and  P,(  10)  Doppler-resolved  profiles  in  geometries  A  and  B  (see  caption  to 

fig.  1). 


Table  1.  Average  energy  disposals  for  vibrationally  mediated  and  direct  photodissoci¬ 
ation  of  H202  (energies  in  cm"1) 


£rot 

^VIB 

J7  a 

CTRANS 

OH(c  =  0) 

(89% ) 

16246 

0 

8335  ±400 

2x750nm 

OH(u  =  1) 
(11%) 

10 77'’ 

7136 

6539  ±300 

average*. 

1564 

785'’ 

8137±390 

248  nm* 

average 

2500 

0 

20  850 

26b  nm' 

average 

2100 

0 

20  000 

355  nn/ 

average 

790 

0 

not  measured 

0  From  Doppler  profiles  analysed  assuming  a  single  recoil  velocity.  '’Calculated  from 
the  rotational  and  vibrational  populations  reported  by  Crim  and  co-workers.13  c  These 
energy-disposal  data  imply  A//o  =  16  680  cm"',  slightly  below  the  accepted  value  of 
17  300  cm"1.  This  discrepancy  may  reflect  the  failings  of  the  single  recoil  analysis  of  the 
Doppler  profiles.  d  Ref.  (19)-(21).  *  Ref.  (17)  and  (18).  /  Ref.  (13). 
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Table  2.  OH  photofragment  A-doublet  populations  and  bipolar  moments  generated  t>io  two- 
photon  photodissociation  of  H202  at  A  =  747.7  nm 


N” 

w(A") 

rr(A') 

(«,/) 

elm  (»K2)) 

(e,  vY 

2fi(20)  (*/3) 

(AiY 

P°o(22) 

(«,*/)* 

/3o(22) 

1 

-0.25  ±0.1 5 

6 

1.12±0.10 

-0.05  ±0.05 

-0.47  ±0.14 
-0.14  ±0.08 

+0.09  ±0.02 

-0.04  ±0.02 

10 

1.20  ±0.07 

-0.06  ±0.09 

-0.29  ±0.05 
-0.21  ±0.03 

+0.08  ±0.03 
+0.19  ±0.02 

-0.05  ±0.05 
+0.09  ±0.03 

-0.52  ±0.06 

+0.23  ±0.04 

+0.09  ±0.04 

“  The  first  entry  for  each  rotational  state  corresponds  to  analysis  assuming  a  single  recoil  velocity 
and  the  second  to  analysis  assuming  an  uncorrelated  distribution  function  for  W(v,)  (see  text). 
The  correct  values  lie  somewhere  between  the  bipolar  moments  obtained  with  these  two  limiting 
assumptions. 


Fig.  4.  Schematic  of  the  H202  vibrationally  mediated  photodissociation  leading  to  generation  of 
(rotationless)  OH  t>  =  0  and  t>  =*  1  fragments.  The  ground-and-excited-state  potentials  (drawn 
approximately  to  scale)  are  taken,  respectively,  as  a  Morse  curve17  and  from  the  ab  initio  A-state 
surface  (<p  «  180°)  reported  by  Schinke  and  Staemmler.70  The  0—0  bond  separations  at  which 
secondary  photon  absorption  takes  place  are  shown  as  the  minimum  necessary  to  fulfil  energy- 
conservation  and  Franck-Condon  restrictions. 
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angular  dependencies  v\tp),  Va{<p)  are  very  greatly  weakened  (see  fig.  5);  however, 
the  fractional  energy  conversion  into  photofragment  rotation  is  far  more  efficient,  with 
(A)  =  0.17-0.18  at  2x750 nm,  cf.  </r)  =  0.11  (248  nm),  0.10  (266 nm)  or  0.07  (355  nm). 
The  much  higher  levels  of  rotational  excitation  under  vibrationally  mediated  conditions 
must  reflect  the  prior  excitation  of  angular  motions  in  the  intermediate  overtone  level 
through  IVR  in  the  ground  electronic  state.  The  comparison  with  single-photon  excita¬ 
tion  at  355  nm12'13  is  particularly  striking  since  the  total  energy  absorbed  is  not  very 
diflerent  from  that  at  2  x  750  nm.  The  decreasing  rotational  excitation  with  decreasing 
(single)-photon  energy  parallels  the  Franck-Condon  requirement  for  photon  absorption 
by  molecules  with  increasingly  extended  O—O  distances,  where  there  is  a  corresponding 
weakening  in  the  angular  dependence  of  the  electronically  excited-state  potential(s), 
particularly  at  355  nm.  At  this  wavelength,  direct  excitation  requires  thermal  population 
of  (or  possibly  Raman  pumping  into)  highly  excited  vibrational  levels  and  an  extension 
of  the  0—0  distance  to  r(0— O)  =  1.7  A.  (The  very  low  absorption  cross-section  at 
350  nm,  cr( 300  K.)  =  4.8  x  10'22  cm2,33  reflects  the  very  low  Boltzmann  population  factor). 
The  very  much  lower  rotational  excitation  of  the  OH  fragments  generated  at  355  nm 
compared  with  2  x  750  nm  also  implies  a  very  different  vibrational-mode  composition 
in  the  photoselected  ground-state  population,  when  the  overtone  levels  are  populated 
through  IVR  rather  than  by  thermal  means. 

Vibrational-mode  Composition  in  H202  following  IVR  in  the  Overtone  Level,  4v(0— H) 

While  single-photon  dissociation  generates  OH  fragments  exclusively  in  the  zero  vibra¬ 
tional  level,  vibrational  mediation  via  4v(0~ H)  excites  a  small  fraction  (11%)  into  the 
level  v  =  l.1012’13  The  Doppler  widths  of  rotational  lines  in  the  OH  (A-X),  0,0  and  1,1 


Fig.  S.  Slices  through  the  5c-,,s  A-  and  6-30  state  torsional  potentials  at  r0_0  separations  appropri¬ 
ate  for  excitation  at  (a)  248nm  (r0_0=  154  A),  (6)  355nm  (r0_0=  1.68  A),  (c)  and  ( d ) 
2x750nm  ( r  =  1.8  and  2.0  A),  respectively;  these  represent  the  minimum  and  maximum  0—0 
bond  extensions  necessary  to  generate  vibrationless  OH  fragments,  as  dictated  by  Franck-Condon 
and  energy-conservation  requirements. 
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transitions  (respectively,  A  I'd  =  0.6  and  0.5  cm"1),  monitored  via  LIF,  indicate  the 
dominance  of  OH(t>  =  0)  as  the  ‘unobserved’  partner  in  each  case.  Since  the  Franck- 
Condon  factors  for  transitions  between  ‘bound’  OH  [in  H202(X)]  and  ‘free’  OH  [in 
H2Oj(A  or  B)]  will  favour  At>(OH)  =  0  only,  the  vibrational  excitation  created  un  '  r- 
vibrationally  mediated  conditions  must  reflect  a  residual  level  of  O— H  vibration  in  the 
subset  of  parent  molecules  which  dissociate  to  OH(u  =  l)  +  OH(i>  =  0),  but  a  complete 
redistribution  for  the  major  fraction  dissociating  into  20H(o  =  0).  The  energy  conserva¬ 
tion/  Franck-Condon  restrictions  on  the  two  photodissociation  channels  are  depicted 
in  fig.  4.  The  potential-energy  curves  are  calculated  assuming  a  Morse  function  for  the 
ground  electronic  state,  with  Dc  =  17  790  cm"1,  P  =  2.38  A"1  and  rc  =  1.47  A,17  and  the 
ab  initio  potentials  are  calculated  for  V*(r)  by  Staemmler  and  co-workers,  and  reported 
by  Schinke  and  Staemmler.30  In  the  first  case,  where  both  fragments  are  generated  in 
v  =  0,  all  of  the  energy  of  13  333  cm"1,  deposited  initially  through  the  O— H  Ipcal-mode 
transition,  is  redistributed  through  IVR.  In  the  second  case,  the  redistributed  energy  is 
reduced  to  13  333  -  A£[OH(c  =  l)-OH(u  =  0)]  =  9766  cm"1.  Assuming  approximately 
half  the  vibrational  energy  distribution  into  angle-bending  and  torsional  modes  is 
channelled  into  rotation  in  the  separated  fragments,23-34,35  the  v(0—0)  stretching  mode 
will  accept  ca.  10  130 cm"1  [2OH(u  =  0)]  or  ca.  7600cm"1  [OH(t>  =  l)  +  OH(i>  =  0)],  just 
sufficient  to  allow  Franck-Condon  access  into  the  vibrationally  adiabatic  potential 
correlating  with  OH(c  =  1)  +  OH(»=0)  (fig.  4).  Generation  of  boti.  fragments  in  OH(u  = 
1),  or  either  fragment  in  the  level  v  =  2  is  impossible  for  two-photon  dissociation  at 
750  nm,  despite  their  energetic  accessibility. 


The  Bending  and  Torsional  Modes 

The  relative  energies  absorbed  by  the  angle-bending  and  torsional  modes  can  be  esti¬ 
mated  through  consideration  of  the  three  photofragment  vector  correlations,  the  rota¬ 
tional  alignment  A„m  [=4/3o(02)]  the  (v,j)  correlation  j8°(22),  and  the  translational 
anisotropy  [=/3o(20)j.  In  the  classical,  high-/  limit  the  photofragment  rotational  angular 
momentum  components  jx  (taken  parallel  to  the  O—O  axis  in  H202),  jy  (taken  perpen¬ 
dicular  to  the  O—O  axis)  and  jz  (taken  parallel  to  the  twofold  symmetry  axis)  are 

Oz)  ~  (2^°~32)+1)/0  + ! )  =  +0.3/(/  + 1 )  (5a) 

2»^^°-2)))/0  +  1),  +0.2/0"  +  1)  (5b) 

(/*)  «  (]  +  2f[22>)j(j  + 1 )  =  +0.5/0’  + 1 )  (5c) 

where  recoil  is  assumed  to  be  directed  perpendicular  to  the  symmetry  axis.  Rotational 
angular  momentum  about  the  O—O  axis,/,,  can  only  be  generated  through  torsion  and, 
given  the  very  small  lever  arm  about  the  centre  of  mass  of  OH  and  the  reduced  energy 
available  for  photofragment  repulsion,  virtually  all  the  angular  momentum  about  y,  z 
can  be  associated  with  transfer  from  the  bending  motion. 

Thus 


( £ tor»ion) _ (/*)__  .  ,  - , 

<Eb«„d>  -Ql)  +  (j\)  (  ) 

The  final-mode  compositions  for  the  populations  of  vibrationally  excited  H20}  generating 
20H(u  =  0)  or  OH(u  =  l)  +  OH(c»0)  after  photodissociation  are  shown  in  table  3. 
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Table  3.  Estimates  of  the  average  vibrational  energy  distributions 
following  excitation  of  the  overtone  level  4WOH)  in  H202 


dissociation  channel 

energy/cm  1 

2OH(o  =  0) 

OH(t>  =  l)  +  OH(t>  =  0) 

O— H  stretch 

0 

3567 

O—O  stretch 

10130 

7600 

HOO  bend 

1600 

1080 

torsion 

1600 

1080 

The  relative  values  of  (jl)'n :  (j3)1/J  also  provide  a  means  of  estimating  the  average 
parent  molecular  torsion  angle  at  the  instant  of  electronic  excitation  out  of  the  intermedi¬ 
ate  overtone  state.  A  frans-planar  configuration,  with  <p  =  180°  would  give  (jl)  =  0;  a 
cu-planar  configuration,  with  <p  =  0°,  would  give  (jl)  =  0;  in  practice  the  average  configur¬ 
ation  clearly  has  a  torsion  angle  near  mid-way  between  the  two  extremes,  close  to  the 
angle  <p  -  90°,  at  which  the  torsional  potentials  V*(^>)  and  V6(<p)  intersect.  This 
strengthens  the  interpretation  of  the  reduced  value  for  the  translational  anisotropy, 
P  =  -0.4  for  OH(u  =  0)  to  overlapping  excitation  into  the  two  near-degenerate  electroni¬ 
cally  excited  continua:  a  ratio  (A«-X):(B«-X)  =  4: 1  would  accommodate  the  observed 
anisotropy.  Large-amplitude  torsional  vibrations  are  also  consistent  with  the  high 
concentration  of  vibrational  energy,  ca.  1600  cm-1,  into  the  torsional  mode.  For  H202 
molecules  with  an  equilibrium  0—0  distance  the  barrier  to  free  internal  rotation  is  ca. 
2500  cm-';  this  will  decrease  at  extended  O—O  distances  and  many  of  the  excited 
molecules  must  behave  as  hindered  internal  rotors,  necessarily  with  average  dihedral 
angles  «90°. 


Intramolecular  Vibrational  Redistribution 

The  long  time  interval  between  the  initial  preparation  of  the  vibrationally  excited 
overtone  level  and  its  subsequent  excitation  into  the  dissociative  continuum  in  a  two- 
photon  process  allows  more  than  ample  time  for  the  completion  of  intramolecular  energy 
flow  in  the  vibrational  excited  overtone  state.  When  the  O— H  local  mode  is  sufficiently 
excited  (bi^O— H)]  to  allow  sing/e-photon  unimolecular  decomposition  in  the  ground 
electronic  state,  the  need  for  redistribution  into  large  [indeed  infinite  ( !)]-amplitude 
motion  in  the  O—O  stretch  is  self-evident.14  A  number  of  classical  trajectory 
calculations36  58  and  a  recent  quantal  calculation39  all  suggest  that  the  redistribution  is 
mediated  via  weak  coupling  into  the  OOH  bend:  the  subsequent  transfer  into  the 
low-frequency  O—O  stretching  motion  occurs  on  a  picosecond  timescale.  The  quantal 
calculation39  identifies  two  component  vibrational  states  which  are  coupled  into  the 
ground-state  dissociation  continuum,  rationalizing  the  bi-exponential  rate  of  appearance 
of  the  OH  fragments  found  by  Scherer  and  Zewail.16  One  state  accommodates  only  a 
single  quantum  in  the  torsional  mode,  while  the  other  accommodates  none  at  all,  but 
has  two  quanta  in  the  OOH  bend.  This  absence  of  torsional  excitation  parallels  the 
results  of  the  classical  trajectory  calculations,  where  redistribution  into  torsional  motion 
is  predicted  to  be  slow  despite  the  relatively  high  density  of  torsional  states.40 

Under  vibrationally  mediated  conditions,  where  the  intermediate  overtone  level 
[4t'(0— H)]  would  persist  indefinitely,  were  it  not  for  the  advent  of  the  second  photon 
(or  another  molecule),  the  timescale  is  extremely  long,  ca.  2  ns  in  this  experiment. 
Redistribution  into  the  torsional  mode  would  thus  have  ample  opportunity  to  play  a 
role,  as  indicated  by  the  positive  c0h.A>h)  correlation  in  the  recoiling  fragments. 


12  Photofragment  Vector  Correlations 

The  two  different  patterns  of  behaviour  suggest  that  a  study  of  the  vibrationally 
mediated  photodissociation  using  picosecond  or  femtosecond  laser  pulses  and  delay 
times  would  be  particularly  rewarding,  offering  the  opportunity  to  monitor  IVR  in  real 
time,  through  changes  in  the  photofragment  quantum-state  distributions  and  their  vector 
correlations.  Sensitivity  to  the  laser  pulse  duration  can  also  be  anticipated41  on  fem¬ 
tosecond  timescales. 


Conclusions 

Determination  of  the  vector  correlations  and  the  quantum-state  distribution  in  the  OH 
fragments  recoiling  from  H202  following  both  direct  and  vibrationally  mediated  elec¬ 
tronic  excitation  has  been  given  detailed  insights  into  the  intramolecular  dynamics,  both 
in  the  vibrationally  excited  ground  state  and  the  electronically  excited  continuum.  The 
average  vibrational  mode  composition  in  H202  molecules  initially  excited  into  the  O— H, 
local-mode  state,  4i'(0— H)  and  allowed  to  evolve  over  a  nanosecond  timescale  has 
been  determined  for  the  first  time.  There  is  clear  evidence  for  excitation  of  both  the 
torsional  and  OOH  bending,  as  well  as  the  O—O  stretching  modes,  through 
intramolecular  vibrational  redistribution.  In  addition,  there  is  strong^  evidence  for 
excitation  into  both  the  first  and  the  second  excited  electronic  continua,  A  'A  and  B  'B, 
which  approach  degeneracy  as  the  interfragment  distance  increases  and  the  dihedral 
torsional  angle  approaches  <p  =  90°. 

Future  experiments  should  include  picosecond  or  sub-picosecond  time  resolution  to 
allow  the  evolution  of  the  overtone  state  to  be  followed  in  real  time;  the  use  of  two 
colours  to  allow  ‘Franck-Condon’  scanning  of  the  long-range  part  of  the  electronically 
excited  potential-energy  hypersurfaces;  velocity-aligned  Doppler  spectroscopy42-43  to 
clarify  the  inter-fragment  correlations;  and  the  extension  to  HOOD  to  distinguish 
between  the  two  fragments. 
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Femtochemistry:  The  Role  of  Alignment  and  Orientation 
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Some  aspects  of  alignment  and  orientation  have  been  considered  for  fem¬ 
tochemistry  experiments.  Elementary  theoretical  descriptions  of  the  time 
evolution  of  alignment  and  angular  momenta  have  been  discussed  and  related 
to  the  radial  and  angular  parts  of  the  potential-energy  surface.  Applications 
to  ICN  unimolecular  dissociation,  H  +  C02  ‘oriented'  bimolecular  reaction, 
and  crossings  between  different  potential-energy  curves  in  alkali-metal  halide 
reactions  (M  +  X)  are  given.  Emphasis  is  on  the  femtosecond  dynamics  of 
the  transition-state  region  and  the  clocking  of  fragment  separation  in  real 
time. 


1.  Introduction 

In  femtochemistry,  chemistry  on  the  femtosecond  timescale,  one  monitors  the  reaction 
using  two  laser  pulses  of  different  colours.  The  first  pulse  initiates  the  reaction  and  sets 
the  zero  of  time  (clocking).  The  second  pulse  probes  the  fragments  as  they  separate 
from  each  other  or  as  they  form  new  bonds.  Because  of  the  time  resolution  and  sensitivity, 
the  separation  can  be  viewed  with  sub-Angstrom  resolution.  Elsewhere,1-7  the  concept 
of  the  experiments  has  been  discussed  in  relation  to  the  potential-energy  surfaces  (PES) 
of  the  reaction,  and  applications  to  a  number  of  reactions  hae  been  detailed.  Here,  we 
shall  address  the  role  of  alignment  and  orientation  in  these  femtochemical  experiments. 

On  the  femtosecond  timescale,  the  fragments  are  in  close  proximity  and  the  time 
evolution  of  coherence,  angular  momenta  and  possibly  trapping  resonances  is  expected 
to  be  important.  Hence,  borrowing  from  techniques  used  to  study  alignment  of  fragments 
at  asymptotic  distance  separations8  (Le.  time— >00)  one  can  perhaps  observe  the  ‘during' 
alignment  of  the  reaction  if  femtosecond  pulses  are  used.  These  studies  should  help  in 
answering  some  new  questions  about  the  ephemeral  transition-states  orientation  and 
population,  and  the  angular  dependence  of  the  PES. 

Some  elementary  theoretical  descriptions  of  these  time-dependent  processes  are  given 
here.  Comparison  with  experiments  involving  dissociation  reactions  will  be  made  and 
extension  to  ‘orientated’  bimolecular  reactions  (collision  complexes)  will  be  discussed. 
We  will  first  briefly  highlight  the  experimental  methodology  and  results. 

2.  The  FTS  Technique  and  Some  Applications 

The  main  technique  described  here  is  femtosecond  transition-state  spectroscopy  (FTS) 
which  is  a  pump-probe  method  that  allows  us  to  obtain  snapshots  of  reactions  while 
fragments  are  separating,  or  encountering  each  other.  If  ultrashort  pulses  are  employed, 
the  sensitivity  of  the  detection  is  enhanced  by  a  factor  of  104-10®  when  compared  with 
time-integrated,  steady-state  experiments.  Essentially  all  molecules  traversing  the  transi¬ 
tion  states  can  be  detected,  and  this  is  a  key  feature  of  femtochemistry.  The  difficulty. 
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however,  comes  in  generating  pulses  and  in  developing  the  techniques  for  observing 
changes  on  the  femtosecond  timescale. 

The  FTS  signal  recorded  will  be  some  measure  of  the  absorption  by  the  fragment 
of  the  probe  pulse  at  wavelength  A2  as  a  function  of  the  time-delay  r  between  pump 
and  probe.  This  could  be  accomplished,  for  instance,  by  measuring  the  change  in  the 
transmission  of  the  probe.  Since  the  experiment  would  not  be  background-free,  far 
better  sensitivity  can  be  obtained  through,  for  instance,  the  detection  of  the  laser-induced 
fluorescence  (LIF),  or  the  multiphoton  ionization  (MPI)  generated  by  the  probe.  Typi¬ 
cally,  we  measure  the  FTS  signal  when  A2  is  tuned  to  the  absorption  wavelength  of  the 
free  fragment.  A*  (where  <x>  denotes  that  R  — ►  <»),  and  at  a  number  of  wavelengths 
absorbed  by  the  transition  states,  Af  (where  *  denotes  the  transition-state  region  of  R). 
Then  a  surface  of  measurements  A(t;  A*a),  Af(1>), . . . ,  A®)  is  constructed.  This  surface 
is  related  to  the  dynamics  and  to  the  PES  of  the  reaction,  as  we  will  discuss  below.  The 
experiments  are  then  repeated  for  different  pump  wavelengths  (A,). 

(a)  Unimolecnlar  Reactions 

In  the  simplest  FTS  experiment  (clocking),  the  probe  is  centred  at  an  absorption  of  one 
of  the  free  fragments.  In  this  case,  the  absorption  of  the  probe  will  initially  be  negligible 
and  will  only  become  substantial  when  the  fragments  achieve  large  intemuclear  distance 
and  are  therefore  (essentially)  non-interacting.  The  delay  at  which  the  probe  absorption 
‘turns  on,’  -Tin,  is  therefore  a  direct  measurement  of  the  time  required  for  complete  (or 
nearly  complete)  internuclear  separation.  In  other  words,  FTS  provides  a  ‘clock'  of  the 
time  required  to  break  the  bond  and,  thus,  is  a  fundamental  measurement. 

The  experiment  can  be  pictured  simply  as  a  measure  of  the  femtosecond  ‘time-of- 
flight’  on  the  excited-state  PES  from  the  initially  excited  configuration  at  Ro  to  the  free 
fragment  configuration,  where  the  probe  opens  a  ‘window’  on  the  PES.  If  the  experiment 
is  performed  for  various  probe  spectral  widths,  then  additional  information  on  the 
asymptotic  shape  of  the  potential  can  be  obtained.  Additionally,  the  clocking  experiment 
offers  significant  practical  advantages  which  have  been  discussed  by  Rosker  et  al.3  Such 
clocking  experiments  have  been  performed  on  the  dissociation  reaction  of  ICN, 

ICN*  — *  [I  •  •  •  CN]**  — *  I  +  CN  (1) 

and  provide  r,/2  =  205  ±  30  fs  (see  fig.  1). 

FTS  experiments  can  also  be  made  by  tuning  A2  away  from  the  transition  of  the  free 
fragment.  The  final  products  will  thus  not  absorb  the  probe  wavelength,  but  instead 
the  transition  states  of  the  reaction  may  do  so.  The  FTS  transient  will  therefore  be 
expected  to  build-up,  as  the  molecules  enter  the  optically  coupled  region  of  the  probe, 
and  then  subsequently  decay,  as  the  molecules  move  on  to  final  products  (see  fig.  2). 
By  obtaining  FTS  transients  for  various  values  of  A*,  information  on  the  shapes  of  the 
PESs  involved  can  be  obtained.  These  experiments  have  been  detailed  elsewhere  by 
Roster  et  at.3  and  discussed  in  relation  to  the  PESs. 

To  relate  these  measurements  to  a  dissociation  time  and  to  the  characteristics  of  the 
PES,  we  first  consider  for  repulsion  between  the  I  and  the  CN  fragments  a  potential  of 
the  form:9 

V(R,  0)  =  V0exp  (-R/ L,)f(R,  0)  (2) 

where  L,  is  the  repulsion  length  parameter  and  f(R,  6)  describes  the  angular  part.  The 
classical  equation  of  motion  for  this  system,  without /(R,  9),  can  be  integrated  to  give 
analytically  the  intemuclear  separation  of  the  fragments  as  a  function  of  time,  R{t), 
and  the  corresponding  potential  as  a  function  of  time,  V{t). 

We  then  ask,  what  defines  a  dissociation  time?  If  it  were  defined  as  the  time  for  the 
two  fragments  to  reach  a  separation  at  which  their  interaction  energy  is  negligible,  the 
dissociation  time  would  depend  on  the  sensitivity  with  which  the  energy  can  be  measured; 
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Fig.  1.  Typical  on-resonant  FTS  results  for  the  ICN  reaction,  (a)  O,  the  MPI  calibration  signal, 
which  gives  the  detection-response  function  and  the  zero  of  time;5  □,  the  FTS  data  for  ICN, 
taken  with  A2  =  A“.  Note  the  time  delay  between  these  traces,  t)/2  ( b )  The  same  data.shown  on 

an  expanded  scale. 

an  infinite  tine  is  required  to  reach  infinite  separation.  A  more  invariant  definition  is 
obtained  as  follows;  consider  the  difference  between  the  time  taken  for  the  fragments 
to  separate  from  R0,  the  separation  at  the  instant  of  photoexcitation,  to  R  (as  they 
travel  along  the  actual  potential)  minus  the  time  which  would  be  required  had  the 
fragments  travelled  at  the  terminal  velocity  (t>).  Then  rd  is  defined  as  the  limit  of  this 
difference  as  R  -*  oo.  For  the  potential  described  above  (with  no  anisotropy),  one 
obtains:  Td»(L,/t;)  In  4.  While  it  is  well  defined,  this  rd  is  obtainable  only  from  a 
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Fig.  2.  Typical  off-resonant  FTS  results  for  the  ICN  reaction.  ■,  A2  =  389.7  nm;  •,  A2  -  389.9  nm; 
□,  A  =  390.4  nm;  O,  A2  =  391.4  nm  The  zero  of  time  is  determined  separately  for  each  data  set. 
Comparison  with  theory  is  discussed  in  ref.  (3). 


hypothetical  experiment  requiring  the  measurement  of  minute  differences  in  long  arrival 
times  (see  fig.  3). 

A  more  useful  description  of  bond  breaking  has  been  recently  developed310  to 
consider  the  time  dependence  of  fragment  separation  and  te  absorption  by  fragments 
during  this  separation.  When  the  fragments  develop  to  be  spectroscopically  free,  the 
absorption  achieves  a  maximum.  Dissociation  can  be  spectroscopically  free,  the  absorp¬ 
tion  achieves  a  maximum.  Dissociation  can  be  defined  as  the  time  delay  when  the 
mid-point  of  the  absorption  is  reached: 

r,/z  =  (W»)ln(4£/y).  (3) 

Here,  y  is  the  half-width  of  the  energy  distribution  of  the  probe  pulse  and  E  is  the 
energy  available  above  dissociation  (E»y).  An  important  observation  is  contained 
within  this  analysis:  the  probe  spectral  width  determines  a  ‘window’  through  which  the 
free  CN  is  viewed,  and  so  affects  t,/2.  Since  we  have  both  y  (40  cm"1)  and  £  (6000  cm'1), 
the  above  expression  yields  for  the  repulsion  length  parameter  L,  =  0.8  A,  for  the 
exponential  potential  discussed  above.  A  similar  procedure  can  be  used  to  calculate 
length  parameters  of  other  potential  shapes,  e.g.  R”.  According  to  the  above  analysis, 
the  potential  falls  to  1/e  of  its  initial  value  in  0.8  A,  but  the  distance  corresponding  to 
r,/2  (the  time  taken  for  the  potential  to  drop  to  y)  is  4  A. 

There  are  several  points  to  be  made  regarding  this  reaction.  First,  the  PES  of  ICN 
dissociation  is  more  complex  than  that  illustrated  here  because  there  are  two  channels 
(with  possible  crossings)  for  dissociation  involving  the  production  of  iodine  either  in 
its  ground  or  its  excited  spin-orbit  states  (fig.  4).  However,  at  306  nm  our  available 
energy  is  just  below  the  excited  I*  state  channel,  and  it  is  known  experimentally  that 


A.  H.  Zewail 


5 


V/cm"1 


Fig.  3.  A  potential-energy  surface  as  a  function  of  the  parameter  f  (time),  with  25  fs  per  division, 
and  as  a  function  of  the  parameter  R  (intemuclear  distance),  with  0.5  A  per  division.  An 
exponential  shape  is  assumed  and  the  initial  potential  energy  at  f  =  0  and  {R  =0)  is  6000  cm"1 
(17.2  kcal  mol" '  above  dissociation).  Note  that  the  recoil  velocity,  given  by  the  instantaneous 
slope  of  R(t)  vs.  t,  rapidly  achieves  the  terminal  value.  The  difference  between  R(t)  and  the 
straight  line  (which  is  determined  by  the  terminal  velocity)  approaches  a  constant  at  long  time; 
this  difference  represents  the  invariant  rd  defined  in  the  text. 

at  this  excitation  wavelength  the  reaction  is  to  the  ground-state  channel,  which  correlates 
with  a  bent  state.  The  measurements  reported  here  clock  the  dynamics  of  J— CN  recoil 
and  the  development  of  free  CN.  As  pointed  out  by  several  authors,9  ”'12  the  dynamics 
that  produce  rotational  excitation  are  due  to  bending,  and  could  be  on  a  shorter  timescale. 
Time-resolved  alignment  experiments  (discussed  below)  should  aid  us  in  resolving  this 
bending  dynamics.  At  our  wavelength  of  excitation,  the  product  rotational-state  distribu¬ 
tion  of  the  nascent  CN  was  explained  by  nearest-neighbour  repulsion  effects  exclus¬ 
ively.'3  This  is  consistent  with  the  picture  here  of  repulsion  between  CN  and  iodine. 
Secondly,  the  absorption  measurement  depends  also  on  the  characteristics  of  the  upper- 
state  (1  +  CN*)  potential.  However,  in  the  asymptotic  limit  (R  — * oo),  r,/2  is  described, 
for  the  shape  of  the  transients,  the  direction  of  the  probe  wavelength  shifts  and  the 
effect  of  tuning  the  pump  wavelength  can  separate  V,  and  V2  dynamics.  Finally,  we 
assumed  here  a  repulsive  potential,  but  there  exists  a  method  to  invert  the  data  to  give 
the  shape  of  the  PES  and  to  account  for  the  attractive  terms  in  the  potential.”  What 
about  the  angular  part  /(R,  6)  of  the  PES?  This  we  address  below  in  section  3. 

Theoretically,  these  observations  are  reproduced  using  classical-mechanical3  as  well 
as  quantum-mechanical16  treatment  of  the  dissociation  (see  fig.  5).  Even  kinetics  can 
describe  the  general  behaviour  of  the  transients  as  shown  in  ref.  (3).  From  these  results 
we  determine  that  the  transition  states  en  route  to  dissociation  live  for  only  50-20  fs, 
depending  on  the  R  region  probed. 

(c)  Extension  to  Btaolecular  Reactions 

An  important  new  issue  arises  for  bimolecular  reactions  that  is  not  a  concern  in  the 
unimolecular  case.  For  a  unimolecular  reaction,  the  reaction  begins  when  the  laser 
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Fig.  4.  The  (typical)  potential-energy  surfaces  of  1CN  and  the  concept  of  FTS  experiments  at  A* 
and  Af.  The  pump  pulse  causes  a  vertical  transition  from  V0  to  V,,  and  the  subsequent  motion 
on  this  surface  is  indicated.  The  transition-state  is  probed  by  A*,  or  the  final  state  by  A",  which 
are  shown  by  the  respective  arrows  from  V,  to  V, .  The  absorption  spectrum  of  ICN  and  the 
pump  energies  used  are  sketched  on  the  left.  Note  that  the  difference  between  A*  and  A®  is  not 
to  scale  and  that  the  van  der  Waals  wells  are  not  shown. 


pulse  initiates  excitation  and  subsequent  dissociation.  Thus,  the  interval  between  the 
firing  of  this  laser  pulse  and  the  subsequent  probe  laser  pulse  represents  the  actual 
amount  of  time  that  the  reaction  has  been  taking  place.  However,  for  a  bimolecular 
reaction,  whether  in  bulk  or  in  crossed  beams,  there  is  no  comparable  way  to  establish 
the  beginning  point  for  the  reaction.  So  there  would  appear  to  be  no  hope  of  determining 
the  time  of  formation  and  decay  of  transient  collision  complexes  with  lifetimes  of  only 
femtoseconds  to  picoseconds. 

However,  a  special  trick  enables  one  to  establish  the  zero  of  time  within  an  uncertainty 
governed  by  the  laser  pulse  duration  only,  for  a  whole  class  of  bimolecular  reactions. 
This  has  now  made  it  possible  to  study  real-time  dynamics  of  these  bimolecular  reactions. 
The  first  of  these  experiments  by  Scherer  et  al ,  in  collaboration  with  Bernstein,  has 
been  conducted  in  the  picosecond,  rather  than  femtosecond,  time  domain,  but  the 
principle  is  the  same.  The  method  involves  the  use  of  a  beam  of  a  van  der  Waals 
‘precursor  molecule’  and  containing  the  potential  reagents  in  close  proximity.  Here,  we 
make  use  of  the  approach  of  weak  molecular  complexes,  as  pioneered  by  the  groups 
of  Wittig  and  Soep  to  study  product-state  distributions,18  '9  so  we  can  establish  the  zero 
of  time  and  hence  follow  the  course  of  the  reaction  in  real  time.  For  the  reaction  studied, 

H  +  OCO  —  [HOCO]*  —  OH  +  CO  (4) 
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Fig.  5.  (A)  Predicted  FTS  results  from  classical  mechanical  calculation  (see  text):  parameters  are 
L,  =0.8  A,  v  =  0.026  A  fs'\  E  =6000  cm'1,  and  y  =  40  cm'1  (representative  for  ICN).  The  curves 
shown  are  for  (from  left-to-right)  l*  =  100,  150,  200,  250  and  1000  fs.  The  peak  amplitude  of  each 
data  set  has  been  normalized  to  one  and  the  calculation  does  not  take  into  account  the  finite 
temporal  width  of  the  pulses.  [For  more  details  see  ref.  (3).  Note  the  delay  of  the  free  fragment 
absorption,  by  200  fs,  and  the  build-up  and  decay  of  absorption  of  fragments  in  the  transition 

region  (A?). 


The  precursor  molecule  was  1H  -OCO,  formed  in  a  free-jet  expansion  of  a  mixture 
of  HI  and  C02  in  an  excess  of  helium  carrier  gas.  Such  van  der  Waals  complexes  have 
favourable  geometry  which  limits  the  range  of  impact  parameters  and  angles  of  attack 
of  the  H  on  the  OCO.18 

To  clock  the  reaction,  an  ultrashort  laser  pulse  initiates  the  experiment  by  photodis- 
sociating  the  HI,  ejecting  a  translationally  hot  H  atom  in  the  general  direction  of  the 
nearest-neighbour  O  atom  in  the  C02.  A  probe  laser  pulse  tuned  to  a  wavelength 
suitable  for  detection  of  the  OH  was  delayed  relative  to  the  photolysis  pulse  using  a 
Michelson  interferometer.  The  OH  appeared  after  a  delay  of  a  few  picoseconds  from 
the  initiation  pulse.  This  delay  represents  a  direct  measure  of  the  lifetime  of  the  [HOCO]* 
collision  complex  at  the  available  energy  of  the  collision.  The  lifetime  changes  with 
translational  energy.  A  new  series  of  experiments  using  femtosecond  pulses  is  being 
undertaken  in  order  to  follow  the  formation  and  decay  of  the  collision  complex  in  the 
femtosecond  region,  and  to  study  the  effect  of  limited  impact  parameter  (orientation), 
an  important  feature  of  this  approach,  on  the  reaction  dynamics.  Comparison  with 
classical  trajectory  calculations,  based  upon  the  ab  initio  calculated  PES,  will  be 
important. 

It  is  probable  that  this  technique  will  be  applicable  to  a  wide  variety  of  bimolecular 
reactions,  including  not  only  those  involving  long-lived  collision  complexes  that  last  for 


A.  H.  Zewail 


9 


picoseconds,  but  also  direct-mode  reactions  with  transition-state  lifetimes  in  the  fem¬ 
tosecond  range.  As  with  unimolecular  reactions,  ofi-resonance  detection  should  allow 
detailed  measurements  of  the  build-up  and  decay  of  the  transition  states  with  the  zero 
of  time  for  the  bimolecuiar  reaction  being  known  to  fs  time  resolution.  The  fact  that 
the  reagents  are  orientated  (at  least  to  some  extent)  also  makes  the  alignment  experiment 
described  below  of  particular  interest. 

(c)  Reactions  from  the  ‘Alkali-metal  Age’:  Covalent  to  Ionic  Crossings 

The  femtochemistry  discussed  thus  far  for  unimolecular  elementary  reactions  [section 
2(a)]  involves  the  process  of  bond  breaking  on  dissociative  potential-energy  surfaces. 
The  molecules  are  in  ‘transition’  for  only  50  fs  or  so,  as  evidenced  by  the  rise  and  decay 
observed  in  the  ICN  experiments  and  confirmed  by  theory.  If,  however,  in  the  process 
of  falling  apart,  the  system  encounters  a  well  in  the  potential-energy  surface,  or  if  there 
is  more  than  one  degree  of  freedom  involved,  the  system  cn  be  ‘trapped’  and  thus  exhibit 
behaviour  indicative  of  quasi-bound  states,  or  resonances.  In  real  time,  manifestation 
of  these  resonances  would  be  a  slow-down  in  the  appearance  of  free  fragments  and 
possibly  the  appearance  of  oscillations  reflecting  the  vibrational  resonance  frequency 
of  the  wavepacket  of  the  dissociating  fragments. 

The  classic  reactions  of  alkali-metal-halogen  are  prototype  systems  for  such  studies. 
This  class  of  reactions  has  been  studied  before  in  the  ‘alkali-metal  age’  of  molecular-beam 
scattering  of  alkali  metal  (M)  and  halogen  (X)21'24  and  observing  their  real-time 
behaviour  will  be  of  great  interest  to  current  studies  in  the  ‘femto  age.’  Because  of  the 
ionization  potential  of  M  and  the  electron  affinity  of  X,  the  energy  of  M+  +  X~  is  higher 
than  that  of  M  +  X.  In  the  ground  state  the  molecule  is  ionic  M+X~,  and  this  state 
correlates  with  M+  +  X~  (see  fig.  6).  Hence,  the  covalent  potential-energy  curve  (M  +  X) 


probe  ( t  X 1  Not*  INo"I)**  [No . !}♦«  Nb 
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FI*.  6.  The  PES  of  an  alkali-metal  halide  (Nal)  reaction,  and  the  concept  of  FTS  experiments  at 

A?  and  A  J. 
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crosses  the  ionic  (Coulombic)  curve.  Because  of  this  crossing  (or  avoided  crossing)  at 
certain  M  •  -  .X  separation  (Rx),  electron  harpooning  takes  place.  The  potential-energy 
surfaces  for  such  important  processes  have  been  described  in  a  classic  series  of  papers 
by  Berry,  and  the  reader  is  referred  to  the  review  article  which  also  describes  many  of 
the  experiments  done  on  these  systems23 

In  the  femtosecond  experiments  by  Rose  et  aL  and  Rosker  et  al.,*  s  the  initial  pulse 
at  A,  takes  the  molecule  from  the  M+X~  ground  state  to  the  covalent  surface  MX*.  The 
second  pulse  probes  the  reaction  at  A*  (transition-state  region)  and  at  Af  (final  product; 
in  this  case  Na): 

MX*  — ►  [M---X]**  -»  M  +  X  (M  =  Na;  X  =  1,  Br).  (5) 

En  route  to  products,  the  (M  •  •  •  X]**  transition-state  molecules  ‘decide’  between  ionic 
and  covalent  paths;  either  the  packet  of  MX*  will  be  trapped  on  the  adiabatic  potential- 
energy  curve  or  it  will  dissociate  by  following  the  non-adiabatic  curve.  The  two  cases 
have  entirely  different  temporal  behaviour  and,  if  there  is  trapping,  the  frequency  and 
amplitude  of  the  oscillations  will  provide  details  of  the  nature  of  the  surfaces  and  the 
strength  of  the  coupling.  Comparison  with  theory26  can  then  be  made. 

The  experiments  show  (fig.  7)  a  striking  oscillatory  behaviour  (when  probing  at  A*) 
that  persists  for  picoseconds  (cz.  10  oscillations)  in  the  case  of  Nal,  and  for  less  time 
(ca.  2  oscillations)  for  the  NaBr  case.  Probing  on-resonance  (at  A®)  gives  a  rise  with 
plateaux  separated  by  the  same  oscillation  frequency.  This  on-resonance  ‘integration’ 
of  the  trajectories  is  a  clear  demonstration  of  the  concept  of  FTS,  discussed  earlier.  The 
average  period  for  Nal  reaction  is  1.25  ps,  which  corresponds  to  a  frequency  of  27  cm-1. 
It  is  concluded  that  the  packet  for  Nal  is  effectively  trapped  in  the  adiabatic  wellen  route 
to  products,  and  that  the  observed  oscillations  represent  ‘pulses  of  Na  atoms’  leaving 
the  well.  Since  the  oscillation  damping  time  for  Nal  is  ca.  10  ps,  one  crossing  on  the 


Fig.  7.  Experimental  FTS  results  obtained  at  Af  and  A®  (589  nm)  for  the  reaction:  Na 
I* -*(Na- ••!]**-»  Na+I.  The  oscillatory  (resonance)  behaviour  at  the  bonom  is  obtained 
(A]  =310nm)  when  probing  at  Af,  while  the  transient  at  the  top  was  obtained  by  probing  the 
free  fragment  (Na).  Note  that  when  probing  the  free  fragment  the  signal  shows  an  ‘integration’ 
which  results  in  plateaux  separated  by  exactly  the  resonance  frequency.  The  NaBr  reaction  was 
also  studied  and  results  are  discussed  in  ref.  (4)  and  (5). 


ime  delay/ ps 


Fig.  i  (a)  The  quantum  mechanical  time  evolution  of  the  wave  packet  in  the  reaction  of  Nal. 
Note  the  ‘splitting*  of  the  packet  into  ionic  and  neutral  states  and  their  separate  time  evolutions. 
These  results  are  typical  for  the  different  A,  values  studied.  ( b )  The  simulated  FTS  transients  for 
Af  and  A?  probings  and  the  total  signal  (— ).  A ,  =  300  nm.  Note  the  similarity  to  the  experimental 
results  in  fig.  7.  The  calculations  are  detailed  in  ref.  (27)  by  Engel  ei  al 
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outward  phase  per  oscillation  ( ca .  1  ps)  has  a  probability  of  ca.  0.1  to  escape  from  the 
well.  For  NaBr,  the  frequency  of  oscillation  is  similar  in  magnitude,  but  severe  damping 
is  observed.  Thus,  the  crossing  for  NaBr  is  much  more  facile  than  for  Nal,  consistent 
with  theoretical  expectation.  In  ref.  (4)  and  (5)  we  compared  theory  with  experiments 
and  obtained  the  Landau-Zener  probability  of  escape,  the  anharmonicity  of  the  PES, 
and  the  coupling  between  the  covalent  and  ionic  curves.  An  interesting  question  is  how 
the  ‘dephasing’  and  spread  of  the  wavepacket  influences  the  dissociation  rate,  as 
determined  by  the  decay  of  the  oscillations.  The  experiments  do  show  manifestations 
of  this  decay  and  spreading,  and  theoretical  modelling  of  the  wavepacket  dynamics  in 
these  prototype  systems  is  important.  Very  recently,  quantum  and  semiclassical  calcula¬ 
tions  (fig.  8)  have  been  performed27  and  agreement  with  the  experiment  is  good. 

Real-time  observations  of  the  dynamics  at  different  A,  and  A*  should  now  allow  one 
to  view  the  motion  of  the  wavepacket  under  different  conditions  from  the  Franck-Condon 
excitation  region  all  the  way  to  ‘infinite  separation,’  or  fragmentation,  making  contact 
with  absorption  spectroscopy,  atomic  beam  scattering  experiments  promise  to  provide 
rich  information  bearing  upon  the  shape  of  the  PES,  curve  crossings  and  interactions 
among  different  degrees  of  freedom  in  many  other  reactions.  In  future  publications,28 
we  will  detail  these  findings  and  relate  to  studies  using  wing  emission  spectra  by  Polanyi’s 

29 

group. 


3.  Femtosecond  Alignment  and  the  Angular  Part  of  PES 

To  this  point,  we  have  discussed  the  reaction  ABC*-*  A+BC  as  if  its  configuration 
space  were  one-dimensional  (with  no  centrifugal  contribution),  the  only  parameter  being 
the  distance  of  A  from  the  centre  of  mass  of  BC.  However,  the  angular  part  of  the 
potential  may  be  important.  As  an  example,  the  repulsion  of  bending  ABC  will  generate 
a  torque  during  the  reaction  .  This  time-dependent  evolution  of  angular  momentum  is 
related  to  the  alignment,  which  can  be  studied  using  FTS  by  polarizing  the  fs  pulses. 
Transients  taken  with  parallel  pump  and  probe  polarizations  can  be  compared  with 
those  taken  with  perpendicular  polarizations,  as  done  in  time-integrated  experiments,30 
to  probe  the  evolution  on  the  femtosecond  timescale. 

The  time  dependence  of  alignment  and  angular  momenta  are  reflected  in  two  types 
of  measurements.  First,  the  angular  part  of  the  potential  might  lead  to  different  r1/2 
values,  depending  on  the  final  angular  momentum  state  of  the  BC  fragment.  Secondly, 
the  loss  of  alignment  at  early  times  will  reflect  the  degree  of  the  torque  which  leads  to 
rotations  in  the  BC  fragment.  Because  the  BC  fragment  most  probably  will  be  produced 
in  a  distribution  of  angular  momentum  states,  the  coherence  time  is  expected  to  be 
short.  These  points  are  discussed  next. 

(a)  Time  Evolution  of  Alignment  and  Coherence 

Here,  we  shall  consider  a  triatomic  molecule  (e.g.  ICN)  with  two  coordinates,  R  and 
e.  R  is  the  distance  between  the  I  atom  and  the  centre  of  mass  of  the  CN.  The  angle 
between  r  (the  CN  direction)  and  R  is  6.  Using  the  well  known  formula31  for  the 
angular  dependence  of  the  signal,  and  transforming  from  the  space-fixed  coordinate 
system  to  the  molecule-fixed  axes  system,  one  obtains  expressions  for  measurements  of 
the  signal  when  the  E  vector  of  the  probing  pulse  is  parallel,  I\\{t),  or  perpendicular, 
I  ft),  to  the  E  vector  of  the  pump  pulse: 

I»(t)  =  l  +  £+~2  cos  (2J<o0t)  (6a) 

/l(')  =  ,-20-20COS<  2J<O0,)-  i6b) 
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In  these  equations,  an  overall  constant  is  neglected  and  to0  is  the  fundamental  rotational 
angular  frequency,  jh  is  the  angular  momentum  of  the  fragment  (CN),  and  0,  as  usual, 
is  equal  to  2  for  a  parallel  transition  (the  CN  B  «—  X  transition  is  parallel). 

From  the  above  expressions  we  note  several  points.  First,  in  this  case,  the  alignment 
of  the  CN  (in  a  given  j)  generated  by  the  dissociation  impulse  is  periodic.  Secondly, 
!„{/)  and  Ij_(t)  have  identical  periodicity  but  they  are  out  of  phase.  The  period  of  the 
oscillation  is  determined  by  2ai0.  At  t  =  0  the  ratio  of  the  two  absorptions  is  3.  For  the 
ICN  dissociation,  we  can  obtain  the  expected  time  evolution.  Since  jh  =  a >/,  one  obtains 
for  j  =  5  that  the  CN  will  execute  a  revolution  in  ca.  1.7  ps.  For  j  =  25,  it  will  spend  ca 
340  fs  in  one  revolution.!  Accordingly,  the  transients  will  be  periodic  with  the  time 
constants  determined  by  the  characteristic  ./-state  dynamics. 

The  problem  is  that  the  dissociation  impulse  does  not  produce  the  CN  in  one  j  state. 
Instead,  because  of  the  distribution  in  the  torque  (in  this  case,  the  bending  angles)  many 
j  states  are  produced  in  the  course  of  dissociation.  For  ICN,  e.g.  at  308  nm  excitation, 
the  average  CN  rotational  energy  is  ca.  1200  cm-1  (the  average  j  is  25)  and  the  distribution 
is  very  wide.  As  a  result  of  this  distribution,  the  ‘discrete  coherence’  described  above 
will  be  replaced  by  ‘dephasing,'  and  the  question  is  then:  what  is  the  dephasing  time, 
and  what  is  the  expected  /B( /)  and  I  AO  in  the  course  of  dissociation? 

To  handle  these  questions,  we  will  assume  a  distribution  of  j  states  produced  by 
dissociation.  For  simplicity,  we  take  this  distribution,  P(j ),  to  be  a  Gaussian  (centred 
at  j  =  0),  and  separate  the  alignment  and  population  dynamics.  Then,  we  can  average 
the  above  equations  over  this  distribution  and  obtain: 

(/|,(f))  =  ^l+^  +  ^exp(-fV^)^  A(r)  (7a) 

{I AO)  =  (l  exp  (-t7r’))  A{t)  {lb) 

where  rc  is  the  dephasing  time  given  by  (a>0Ay)~'  being  the  half-width  of  the  distribution 
in  j.  A(i)  is  the  usual  population  (‘incoherent’)  transient  function  (build-up  of  free 
fragment  absorption  or  build-up  and  decay  of  transition-state  absorption).  We  note 
that  the  ratio  at  t  =  0  is  again  3.  However,  the  limiting  values  at  long  times  will  be 
1.2/0.9  (and  not  1)  for  exponential  A(t).  The  transients  in  this  case  will  show  decay  in 
/|i  experiments  and  a  build-up  in  the  /x  experiments  with  a  time  constant  tc.  This  is 
reminiscent  of  the  problem  of  rotational  diffusion  of  molecules  in  liquids. 

To  see  the  connection,  we  write  the  expressions  for  the  case  of  liquids:52 

/}■(/)  =  j[l+2r(f)]exp(-t/Tr)  (8a) 

1LA0  =  y[l- *■(*)]  exp  (-r/Tf)  (86) 

where  rf  is  the  incoherent  fluorescence  decay,  and  r(r)  describes  the  rotational  diffusion, 
usually  given  as  r0  exp  (-t/r,).  According  to  these  expressions,  when  rf>  rr,  then  the 
ratio  of  /(  and  IL  at  t  =0  is  (1  +2r„)/(l  -r0).  For  a  dipole  transition,  ro  =  0.4  and  this 
ratio  is  again  3!  The  signal  will  show  the  expected  decay  behaviour  for  l B  and  build-up 
for  I± ,  and  as  t  -*  oo,  the  ratio  is  1  (not  1. 2/0.9).  On  the  other  hand,  if  rr<  t,  then  the 
ratio  is  simply  (l+2r0)/(l-r0)  at  all  times.  The  same  kind  of  behaviour  can  be  seen 
from  eqn  (7a)  and  (76)  in  the  case  of  dissociation  if  we  take  A(r)  to  be  an  exponential 
decay,  representing,  e.g.  the  decay  of  the  transition  states. 

+  For  simplicity  of  notation  we  shall  use  j  to  denote  the  angular  momentum  of  the  CN  fragment,  although 
more  conventionally  we  should  use  N. 
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To  compare  theory  [eqn  (7)]  with  experiments,  we  take  A(t)  to  be  the  absorption 
of  fragments  during  dissociation.  The  model  for  this  A(t)  has  been  developed  else¬ 
where, 510  and  here  for  illustration  we  consider  the  simplest  case  of  a  one-dimensional 
PES.  Then, 


A(t)  = 


Y  2+W2(t,t*) 


(9  a) 


where 

W(t,  /*)  =  £(sech2x-sech2x*).  (9b) 

The  total  energy  is  E  and  x  and  x*  are  simply  vt/2L  and  vt*/2L;  v  is  the  recoil  velocity, 
L  is  the  potential  repulsion  parameter  [i.e.  L ,  in  eqn  (3)],  /*  is  the  time  for  maximum 
absorption  by  the  probe  and  C  is  a  constant.  The  model  explains  well  the  observed 
transients  when  f*  -»  oo  (free  fragment  detection)  and  for  finite  t*  values  (transition 
states  detection),  and  is  consistent  with  quantum  calculations  as  described  above  and 
shown  in  fig.  S. 

We  now  use  eqn  (7)  and  simulate  the  expected  behaviour  for  (7||)  and  (JL)  for  different 
tc  and  r*.  Fig.  9  shows  these  calculations.  It  is  interesting  to  note  that  the  anisotropy 
becomes  more  pronounced  as  t*  becomes  shorter.  This  is  expected  since  the  dephasing 
time  is  finite,  and  if  we  probe  at  early  times  on  the  PES  we  have  a  better  chance  for 
observing  the  large  differences  between  7B  and  T.  Note  that  if  the  rotational  distribution 
of  the  fragment  P(j)  is  shifted  from  j  =  0,  as  in  this  case,  then  the  coherence  decay  of 
eqn  (7)  will  be  modulated  by  cos  (2w0jmixt).  For  jmatx  =  25,  the  period  of  the  oscillation 
is  170  fs,  longer  than  tc  and  hence  is  relatively  unimportant. 

The  dephasing  time  can  be  estimated  for  the  1CN  dissociation.  Since  a>0  for  the  CN 
is  known  and  dj  of  the  rotational  distribution  is  also  known,  rc  =  40  fs.  The  calculation 
of  this  dephasing  time  due  to  an  ‘impulse'  of  dissociation  has  direct  analogy  to  dephasing 


FI*,  9.  The  calculated  </((f)>  and  (I At)),  showing  the  effect  of  t*  (10 fs,  100 fs  and  1  ps)  and  rc 
(SO  fs).  The  transients  show  the  decrease  of  the  anisotropy  as  t*  increases.  Note  that  the  initial 
ratio  is  3,  and  at  long  time  delays  it  becomes  1.2/0.9  (see  text). 
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of  molecules  excited  coherently  into  a  distribution  of  rotational  levels  by  a  laser  pulse.33 
In  this  case  one  obtains  an  initial  dephasing  and  then  recurrences  at  long  times 
(determined  by  the  rotational  constant  of  the  molecule),  as  verified  experimentally.34 
If  we  apply  this  analogy  to  the  problem  at  hand  we  obtain  the  following  simple  expression 
for  rc: 

tc~2.2[B(Er)]-1'2  (10) 

where  rc  is  in  ps  and  both  the  rotational  constant  B  and  the  average  rotational  energy 
<ER)  are  in  cm-1.  At  306  nm  of  pump  excitation  (ER)  is  known  (see  section  2)  and  this 
gives  tc  =  44  fs  according  to  this  model.  The  experimental  data  in  fig.  10  show  the 
similarity  of  the  /||  and  I±  transients,  consistent  with  the  analysis  in  fig.  9,  and  we  will 
attempt  an  improvement  of  the  S/N  to  permit  extraction  of  an  accurate  rc.  It  is  now 
clear  that  interesting  new  effects  regarding  temporal  and  spatial  alignment  can  be 
searched  for  as  we  systematically  change  t*  and  make  the  pulse  duration  even  shorter. 

In  the  above  treatment  we  did  not  consider  the  effect  of  parent  rotation.  This  may 
be  incorporated  in  >3,  but  for  the  ICN  it  is  known  that  parent  rotation  is  not  what 
determines  the  rotational  distribution  of  the  CN.34  Finally,  it  will  be  interesting  to 
compare  the  above  theoretical  calculations,  based  on  the  separation  of  coherent  (align¬ 
ment)  and  incoherent  (population)  dynamics,  with  ‘exact’  dynamical  calculations  on 
PESs  of  different  angular  forms.14  This  will  help  us  understand  the  different  time  scales 
involved  and  their  relevance  to  the  separability  question,  since  the  R  and  6  ‘motions' 
are  expected  to  be  coupled. 

(b)  Time  Evolution  of  Angular  Momenta 

The  LIF  spectrum  of  free  CN  exhibits  the  many  transitions  of  the  P  and  R  branches. 
For  308  nm  excitation,  the  R  branch  is  fully  resolved  and  extends  to  381.5  nm.  These 
transitions  to  the  blue  of  the  bandhead  are  associated  with  different  rotational  quantum 
numbers  of  the  CN  fragment. 

The  spectral  width  of  the  femtosecond  probe  is  broad,  so  that  the  excitation  of  a 
single  rotational  level  is  impossible.  However,  we  have  attempted  to  probe  regions 
selectively  within  the  P  branch  of  the  CN  spectrum  which  are  associated  with  either 
high  or  low  rotational  quantum  states.  For  example,  the  region  near  the  bandhead  is 
associated  with  high  rotational  states  («20),  and  near  the  start  of  the  P  branch  at 
387.5  nm,  with  lower  quantum  numbers. 

The  clocking  experiment  was  performed  at  various  probe  wavelengths  between  388.7 
and  387.4  nm  The  vaues  of  rI/2  determined  from  these  measurements3  are  shown  in 
fig.  1 1  for  both  306  and  285  nm  pump  wavelengths.  At  the  bandhead  as  previously 
discussed,  this  experiment  yields  a  time  delay  of  rt/2  *  200  fs.  However,  a  substantial 
decrease  in  r,/2  was  observed  as  the  probe  was  shifted  towards  shorter  wavelengths. 

An  obvious  possible  cause  for  this  observation  is  due  to  the  change  in  the  translational 
energy  with  rotational  excitation  of  the  CN.  For  7000  cm-1  of  total  available  energy, 
the  low-angular-momentum  states  will  be  produced  with  essentially  all  this  energy  in 
translation.  However,  for  high-angular-momentum  states  the  translational  energy  will 
be  less  than  the  available  energy;  for  j  =  25,  E„  =  1250  cm-1,  and  the  translational  energy 
becomes  5750  cm-1  (vibrational  excitation  is  assumed  to  be  negligible).13  In  the  centre- 
of-mass  frame,  v  is  proportional  to  El/J,  and  r,/2  at  most  should  change  from  ca.  200 
to  ca  180  fs.  This  is  a  much  smaller  effect  than  the  data  in  fig.  11  show. 

Probing  the  different  rotational  states  of  the  CN  is  sensitive  to  a  more  interesting 
dependence,  namely,  the  angular  part  of  the  potential.  In  general,  the  PES  is  not  only 
radial  but  it  has  an  angular  dependence  described  by  the  angle  (9)  between  /  and  the 
centre-of-mass  of  the  CN.  For  ICN,  the  potential  has  been  postulated  and  used  to  fit 
the  product  state  distribution,  e.g.  as  done  by  Goldfield  ft  al/  A  form  that  is  discussed 
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Fig.  10.  Results  of  femtosecond  alignment  experiments.  FTS  data  taken  off-resonance,  with  either 
parallel  (□)  or  perpendicularly  polarized  (A)  pump  and  probe  beams.  The  probe  polarization 
was  kept  parallel  to  the  detection  axis.  Two  data  sets  are  shown,  taken  under  different  experiental 
conditions.  Note  that  the  time  delay  in  (a)  curve  is  arbitrary  (the  zero-of-time  was  not  determined 
for  this  set).  The  data  is  normalized  to  unity  at  long  time  delays.3 

by  Schinke  and  others  is  generally  written  as:15 

V(R,6)  =  Acx p(~*  LR°)exp^-g(C°SLg  — )  (11) 

where  e/L  is  a  measure  of  the  anisotropy  of  the  potential.  When  e  =  0,  one  recovers 
the  single  radial  potential  (isotropic).  However,  for  negative  e,  the  potential  describes 
a  bent  excited  state  which  has  a  minimum  at  0  *  90°  and  a  maximum  at  6  =  0.  Dugan13 
has  discussed  this  bending  (of  CN  relative  to  I)  at  the  308  nm  excitation  and  obtained 
a  bending  angle  of  B0  -  1 8*.  Basically,  if  the  molecule  were  linear  ( 0O  =  0.  on  the  average), 
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Fig.  11.  Fragment  delay  time,  r1/2,  as  a  function  of  probe  wavelength.  The  values  of  t,/2  obtained 
are  shown  for  a  pump  wavelength  of  ca.  306  nm  (A)  and  285  nm  (■).  The  FWHM  of  the  probe 

was  ca.  60  cm'1  in  each  case. 

then  the  rotational  distribution  would  show  a  maximum  at  j  ~  0;  instead,  the  maximum 
seen  in  these  experiments  is  at  higher  j  values  for  this  wavelength  of  excitation.  As  he 
pointed  out,  at  these  long  wavelengths  there  are  one  or  two  quanta  of  bending  vibration 
(ground  state),  and  their  classical  turning  points  are  at  14  and  19°.  We  will  not  attempt 
to  quantify  the  angle  here,  but  the  important  points  are  that  the  bent  state  produces  a 
range  of  torques  and  that  there  is  time  evolution  of  j. 

From  the  potential,  one  can  calculate  the  torque  and  hence  j(t): 

torque  =  dj/dt  =  *xF  =  *x[-VV(R,  »)].  (12) 

For  illustration,  we  used  Schinke’s  potential  and  calculated  (using  a  simple  torque)  the 
evolution  of  j(t).  This  is  shown  in  fig.  12.  The  angular  momenta  evolve  in  very  short, 
but  finite  times  (ca.  50  fs  or  so)  on  the  scale  of  femtochemistry  experiments.  The  simple 
evolution  shown  here  indicates  that  at  shorter  times  the  distribution  is  biased  toward 
lower  j  states  and  these  states  evolve  to  their  final  j  values  at  longer  times.  We  calculated 
snapshots  of  the  rotational  distribution  at  steps  of  10  fs  and  confirmed  this  picture. 

It  appears  that  probing  different  CN  rotational  states  is  monitoring  different  trajec¬ 
tories  (reflecting  the  degree  of  the  torque  and  the  steepness  of  the  PES  along  6)  of 
different  reaction  times.  To  see  this  in  real  time  and  compare  with  experiments,  we  are 
currently  examining  trajectory  calculations  on  PESs  of  different  forms.  For  example, 
for  the  potential  in  fig.  13  (Goldfield  ef  aL  type*)  we  ran  trajectories  (fig.  14)  and 
observed  different  times.  We  also  observed  more  complex  evolution  for  j(t)  than  the 
one  shown  in  fig.  12.  (This  is  because,  as  mentioned  above,  we  simplified  the  nature 
of  the  torque  for  the  sake  of  illustration).  These  calculations  are  in  progress  for  different 
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Fig.  12.  Angular  momentum  as  a  function  of  time  and  angle,  using  Schinke-type  potential  (see 
text)  and  e  <0.  The  time  (10  fs  steps)  is  from  0-200  fs  and  the  angle  is  from  -jt/2  to  +ir/2. 
Note  that  when  starting  at  the  maxima  and  minima  of  the  potential  along  8  (0,  ±ir/ 2, . . .)  no 
angular  momentum  is  generated  since  (VV),  =  0  and  hence  the  torque  is  zero;  see  eqn  11  and 
12.  We  have  also  calculated  snapshots  of  the  rotational  distribution  and  found  that  at  10  fs,  the 
distribution  cuts  off  at  j  — 10  while  for  55  fs  it  cuts  off  at  j  —  40,  assuming  a  simple  torque. 


parameters  and  potentials  to  compare  with  experimental  findings  and  examine  the 
promise  for  probing  the  angular  part  of  the  dynamics.  Much  more  will  be  learned  in 
the  coming  years  about  these  problems.  We  have  considered  here  the  simple  cases  but 
there  are  other  possibilities  and  interpretations  as  yet  unexplored.  Hopefully  as  we  gain 
more  experience  with  these  new  findings  we  will  be  able  to  address  these  and  other 
problems  of  the  PESs  involved,  like  the  effect  of  centrifugal  barrieis,  van  der  Waals 
wells  and  crossings  on  V,  and  V2  PESs. 

(c)  Half-collMoa  n  Fall-collMoa 

The  above  discussions  describe  features  of  alignment,  coherence  and  time  evolution  of 
angular  momenta  expected  in  reactions  involving  a  half-collision.  There  are  two  points 
that  should  be  made  regarding  other  types  of  reactions  which  are  bimolecular  in  nature, 
or  exhibit  resonance  characteristics. 
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Fig.  13.  A  three-dimensional  plot  of  a  Goldfield  et  at.  -  type  PES  (see  text)  for  ICN.  The  angle 
8  is  from  —it  to  +n  and  R  is  taken  up  to  6.7  A  (K0  =  2.7  A).  The  double  well  along  8  describes 

the  bent  configurations. 


In  cases  where  there  is  crossing  (or  avoided  crossing)  between  different  potential- 
energy  curves,  as  in  the  case  of  Nal,  the  temporal  behaviour  shown  in  fig.  7  suggests 
that  alignment  experients  should  be  of  great  interest.  In  this  case,  there  is  no  torque, 
but  the  initial  alignment  of  the  parent  should  play  a  role  depending  on  the  time  for  the 
wavepacket  oscillatory  propagation  and  the  rotation  time  of  the  parent  molecule.  Thus, 
probing  at  different  t*  should  show  he  interplay  between  the  two.  For  Nal,  e.g.  the 
rotation  time  of  the  molecule  in  the  covalent  excited  state  is  3.6  ps  rad"1  for  j  =  30.  This 
means  that  during  one  crossing  from  the  covalent  to  the  ionic  curve,  the  molecule  rotates 
an  angle  of  9.7°.  Hence,  measurements  of  /a  and  Ix  should  show  anisotropy  that  changes 
with  the  number  of  crossings.  Such  behaviour  will  be  interesting  to  observe  and  relate 
to  the  dynamics  of  wavepacket  dephasing. 

In  the  other  class  of  reactions  discussed  in  this  paper,  namely  orientated  bimolecular 
reactions,  e.g.  H+C02,  these  alignment  experiments  will  be  valuable.  As  shown36  by 
Henchbach  many  years  ago,  the  mean  time,  rd,  for  the  decomposition  of  the  collision 
complex  can  be  estimated  from  knowledge  of  the  angular  distribution  (direct  vs.  complex 
mode  reaction)  and  the  rotational  period  of  the  complex, 

rr  =  2ir(// L). 


(13) 
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Fig.  14.  A  contour  map  of  the  PES  of  Goldfield  et  aL 9  Using  a  computer  algorithm,  for  the 
classical  dynamics,):  two  trajectories  on  this  surface  are  displayed.  These  calculations  in  fig. 

12-14,  when  completed,  will  be  detailed  in  a  separate  publication. 

For  example,  for  RbKCl,  I  *  500  amu  A2  and  for  L<500  ft,  rr>  1-2  ps  (rr  is  still  long 
compared  to  vibrational  time).  The  symmetry  in  the  angular  distribution  thus  indicates 
that  rd  is  longer  than  1-2  ps  for  this  class  of  reactions. 

Real-time  studies  can  now  be  made  to  obtain  direct  information  on  t,  and  rd.  If 
we  monitor  the  collision  complex  (eg.  HOCO*)  in  real  time  and  study  the  loss  of  the 
alignment  then  we  will  know  t,  and,  as  discussed  above,  the  time  for  he  formation  of 
the  products  can  be  measured  directly  to  give  rd .  This  will  give  the  different  timescales 
involved  in  the  dynamics  and  allow  one  to  examine  the  effect  of  limited  impact  parameter 
(stereospecificity)  on  the  statistical  or  non-statistical  behaviour  of  the  reaction.  There 
is  a  wealth  of  experiments  to  be  performed  in  this  direction  to  study  the  effect  of  available 
energy,  orientation  etc.  As  with  our  attempt  to  investigate  the  alkali-metal  age  reactions 
of  MX  in  the  femto  age,  we  also  plan  to  extend  these  types  of  experiments  to  the 
bimolecular  femto  age. 


4.  Conclusions 

In  this  paper  we  presented  some  theoretical  descriptions  relating  to  the  role  of  alignment 
and  orientation  in  femtochemistry  experiments.  The  experimental  technique  of  fem¬ 
tosecond  transition-state  spectroscopy  (FTS)  is  described  and  some  applications  to 
unimolecular,  ‘oriented*  bimolecular,  and  ‘alkali-metal  age'  reactions  are  presented.  We 
did  not  detail  other  transition-state  spectroscopies29,3  41  or  reaction  rate  measure¬ 
ments,42'43  but  these  were  discussed  in  ref.  (1). 

A  key  feature  here  is  that  because  of  the  time  resolution  and  sensitivity  one  is  able 
to  view  the  dynamics  with  a  resolution  that  is  sub- Angstrom.1  With  polarized  fem¬ 
tosecond  pulses  an  additional  dimension  can  now  be  explored,  and  this  allows  one  to 

t  We  are  grateful  to  Prof.  R.  Bersohn  for  writing  the  program  while  visiting  us  at  Caltech.  The  calculations 
in  this  figure  were  made  by  Mr  H.  Levy  to  obtain  the  trajectories,  the  J(t )  values  and  the  rotational  distributions. 
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probe  both  the  coherent  (alignment)  and  incoherent  (population)  parts  of  the  dynamics, 
as  they  evolve  on  the  femtosecond  timescale.  The  applications  presented  are  just  the 
beginning  and  the  future  is  very  promising  as  we  hope  we  and  others  will  be  able  to 
study  many  other  reactions  in  their  transition-states,  the  ‘during  phase’  of  the  reaction,44 
and  obtain  characteristics  of  the  PES  in  real  time. 

This  work  was  supported  by  a  grant  (no.  87-0071)  from  the  AFOSR.  It  is  a  pleasure  to 
express  my  thanks  to  colleagues  and  members  of  my  research  group.  In  particular,  the 
discussions  I  had  with  Professor  R.  Bersohn  and  Mr  S.  Baskin  on  the  alignment  problem 
and  on  eqn  (6)  and  (19)  were  very  illuminating.  I  also  wish  to  thank  M.  Dantus,  H. 
Levy,  C.  Sipes,  T.  Rose  and  M.  Rosker  for  helping  with  some  of  the  figures  and 
calculations,  and  for  stimulating  discussions. 
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Rotational  Alignment  of  NO  from  Pt(lll):  Inelastic  Scattering 
and  Molecular  Desorption 

Dennis  C.  Jacobs, *+  Kurt  W.  Kolasinski,  Robert  J.  Madix  and  Richard  N.  Zare 

Department  of  Chemistry,  Stanford  University,  Stanford,  California  94305,  U.S.A. 


The  rotational  alignment  distribution  of  NO  has  been  measured  subsequent 
to  the  molecule's  interaction  with  a  well  characterized  Pt(lll)  surface. 

Internal  state  distributions  have  been  probed  using  1  + 1  resonance-enhanced 
multiphoton  ionization  (REMPI)  spectroscopy  in  which  lines  of  the  NO 
A  2£+-X  2n  (0, 0)  band  constitute  the  resonant  transition.  NO/Pt(lll)  scat¬ 
tering  has  been  studied  in  two  distinct  regimes:  inelastic  scattering  and 
trapping/ desorption.  In  both  cases,  there  is  relatively  no  preferential  align¬ 
ment  of  rotation  for  y  <  12.5.  However,  molecules  with  higher  rotational 
angular  momentum  show  a  marked  increase  in  alignment.  Inelastically 
scattered  molecules  prefer  to  rotate  in  a  plane  normal  to  the  surface  ('cart¬ 
wheel'  motion),  whereas  desorbing  molecules  prefer  to  rotate  in  a  plane 
parallel  to  the  surface  (‘helicopter’  motion).  These  measurements  provide 
new  insight  into  momentum  transfer  at  surfaces  and  the  nature  of  the 
transition  state  which  leads  to  molecular  desorption. 

Rotational  dynamics  at  the  gas-surface  interface  reveal  unique  information  about  the 
molecule-surface  potential.  A  molecule  passing  from  the  constrained  two-dimensional 
environment  of  a  solid  surface  lattice  into  a  three-dimensional  vacuum  has  the  potential 
for  exhibiting  strong  rotational  polarization. 

Here,  we  investigate  the  rotational  alignment  of  NO  after  it  interacts  with  a  Pt(lll) 
surface.  We  examine  experimentally  two  distinct  dynamical  regimes,  inelastic  scattering 
and  trapping/ desorption.  The  first  refers  to  a  collision  of  short  duration  (one  or  a  few 
bounces)  between  the  molecule  and  the  surface.  This  scattering  event  leaves  the  molecule 
with  an  energy  distribution  characteristic  of  both  the  molecule’s  initial  conditions  and 
the  nature  of  the  surface.  The  second  involves  a  relatively  long  surface  residence  time 
in  which  the  molecule  completely  loses  ‘memory’  of  its  initial  conditions.  In  this  latter 
case,  the  desorbed  molecule's  energy  distribution  is  characterized  solely  by  the  conditions 
of  the  surface  and  the  molecule-surface  potential. 

There  have  been  only  two  prior  studies  in  which  rotational  alignment  has  been 
measured  for  gas-surface  scattering:  NO/Ag(lll)'"’  and  N2/Ag(lll).4'6  These  experi¬ 
ments  both  probed  the  regime  of  direct  inelastic  scattering  by  impinging  an  energetic 
supersonic  molecular  beam  (10-90  kJ  mor')on  a  relatively  cold  Ag(  1 11 )  surface.  KJeyn 
and  co-workers1'3  measured  a  preference  for  NO  to  scatter  from  Ag(lll)  with  its 
rotational  motion  resembling  that  of  a  ‘cartwheel’  (fig.  1).  This  behaviour  is  reconciled 
with  a  simple  hard-cube  model  which  permits  forces  only  along  the  surface  normal. 
These  forces  deliver  an  anisotropic  torque  on  the  molecule,  causing  an  observed  prefer¬ 
ence  for  cartwheel  motion.  Zare  and  co-workers4"6  found  a  similar  result  for  N2/ Ag(  111). 
Additionally,  they  measured  the  rotational  orientation  resulting  from  surface  scattering. 
They  observed  a  strong  correlation  between  rotational  orientation,  rotational  quantum 
number  and  scattering  exit  angle. 

Electric-field  deflection  techniques  have  probed  surface  scattering  dynamics  through 
the  observation/preparation  of  molecular  orientation.  Novakoski  and  McClelland7 

t  Present  Address:  Department  of  Chemistry,  University  of  Notre  Dame,  Notre  Dame,  IN  <6556,  U.S.A. 
_  1 
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(a)  (6) 


Fig.  1.  Rotational  alignment  relative  to  the  surface  plane.  The  helicopter  motion  (a)  is  preferred 
for  Ag  ’>0;  the  cartwheel  motion  (b)  is  favoured  for  A!,2,<0. 


measured  a  preferential  molecular  orientation  for  the  desorption  of  CHF3  from  Ag(lll), 
i.e.  CHFj  tends  to  desorb  with  its  hydrogen  atom  orientated  toward  the  surface.  Addi¬ 
tionally,  they  found  that  scattering  leaves  the  molecule  with  a  weak  orientation  in  the 
opposite  sense.  More  recently,  Kuipers  et  al .8  observed  the  scattering  angular  distribution 
of  NO  from  Ag(lll),  where  the  incident  NO  was  orientated  in  predominantly  two 
opposite  directions  relative  to  the  surface.  There  appeared  to  be  a  greater  loss  in  normal 
translational  energy  when  the  oxygen  atom,  rather  than  the  nitrogen  atom,  was  directed 
toward  the  surface. 

The  present  study  represents  the  first  observation  of  rotational  alignment  in  desorp¬ 
tion.  Additionally,  it  reports  the  rotational  alignment  of  scattered  NO  in  a  previously 
unexplored  regime,  one  in  which  the  molecule’s  final  rotational  energy  exceeds  the 
initial  energy  of  the  incident  molecular  beam.  Here,  surface  vibration-rotational  energy 
transfer  is  the  operative  mechanism.  The  experiment  utilizes  1  + 1  REMPI  through  the 
NO  A  *£+-X  2II  (0, 0)  band  to  measure  rotational  alignment  distributions  in  a  state- 
specific  manner.  The  quantitative  reduction  of  1  +  1  REMPI  spectra  to  alignment 
moments  requires  inclusion  of  both  saturation  in  the  resonant  transition  as  well  as 
incorporation  of  the  symmetry  character  of  the  ionization  transition.  We  present  a  brief 
summary  of  the  methodology  employed  for  the  extraction  of  the  quadrupole  moment 
of  the  rotational  alignment  distribution  from  1  +  1  REMPI  spectral  intensities. 


Experimental 

The  experiment  utilizes  an  ultra-high  vacuum  (u.h.v.)  scattering  chamber,  a  tunable  u.v. 
laser  source  and  a  variety  of  support  electronics,  all  of  which  are  described  in  detail 
elsewhere.9  A  schematic  diagram  of  the  apparatus  is  shown  in  fig.  2.  In  short,  the  u.h.v. 
chamber  is  equipped  with  a  sample  manipulator  (to  facilitate  sample  translation  rotation, 
surface  heating  and  cooling),  LEED  and  Auger  surface  diagnostics  (to  monitor  surface 
order  and  cleanliness),  a  pulsed  molecular  beam  source,  a  port  for  entry  of  a  laser  beam 
and  ion  time-of-flight  tube.  The  main  chamber  is  pumped  by  a  220  dm3  s~'  ion  pump, 
a  titanium  sublimation  pump,  a  liquid-nitrogen  cryopanel  and  a  1500dm3 s'1  turbo- 
molecular  pump  (base  pressure  2x  10"'° Torrt). 

A  differentially  pumped  invaginated  source  chamber  houses  the  pulsed  valve/skim¬ 
mer  assembly.  The  supersonic  beam  (50  psi$  neat  expansion  through  a  0.1  mm  nozzle 
orifice)  is  collimated  with  a  0.3  mm  skimmer  so  that  the  beam  strikes  only  a  5  mm 

t  1  Torr-=  101  325/760  Pa. 

1 1  psi- 6.894  76  X103  Pa. 


pulsed  valve 
molecular 
beam  doser 


lensh 


PEM 


1500  dm3  s-’  I  220  dm3  s-’ 
turbomolecular  1  ion  pump 
pump  ’ 

Fig.  2.  Experimental  Apparatus.  A  differentially  pumped  pulsed  valve  doses  the  Pt(lll)  crystal. 
Laser  radiation  is  focussed  2  mm  above  the  surface.  Ions  produced  in  the  REMPI  process  are 
accelerated  through  the  time-of-flight  tube  and  collected  by  the  CEMA  charged  particle  multiplier. 
The  crystal  can  be  rotated  in  order  to  face  LEED  and  Auger  diagnostics.  Not  shown  are  Helmholtz 
coils  which  cancel  the  earth's  magnetic  field  and  leave  a  residual  magnetic  field  in  the  direction 

of  the  surface  normal. 


diameter  region  of  the  surface.  The  10  cm  nozzle-surface  distance  allows  instantaneous 
pulsed  molecular  beam  fluxes  as  high  as  1017  molecule  cm-2  s'1.  The  rotational  tem¬ 
perature  of  the  neat  beam  is  measured  at  40  K.  and  the  beam  translational  energy  is 
estimated  to  be  9  kJ  mol'1. 10  A  330  dm3  s'1  turbomomecular  pump  establishes  a  base 
pressure  of  1  x  10  ®  Torr  in  the  source  chamber. 

The  generation  of  tunable  ultraviolet  laser  radiation  relies  on  a  commercial  10  Hz 
Quantel  Nd:YAG  system.  Hie  output  of  the  dye  laser  (0.08  cm-1  bandwidth)  is 
frequency-doubled  and  Raman  shifted  (second  order  anti-Stokes)  in  H2.  This  system 
creates  6  ns  pulses  at  224  nm  with  ca.  200  /x J  per  pulse.  A  portion  of  the  resulting  laser 
beam  is  loosely  focussed  into  the  chamber  (lOmJ  cm  2  fluence).  The  direction  of  linear 
polarization  is  selected,  on  a  shot-to-shot  basis,  by  a  photoelastic  modulator  (PEM) 
interfaced  to  a  DEC  PDP  11/23  computer.  The  energy  of  each  laser  pulse  is  measured 
by  a  pyroelectric  detector  and  stored  in  the  computer. 

The  laser  light  runs  parallel  to  and  passes  2  mm  above  the  surface.  A  fraction  of 
the  molecules  leaving  the  surface  pass  through  the  laser  interaction  region  and  become 
ionized  by  the  laser  radiation  via  the  REMPI  process.  The  resulting  ions  are  accelerated 
through  a  time-of-flight  tube  and  collected  by  a  charged  panicle  multiplier  (CEMA 
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multichannel  plates).  The  ion  signal  is  digitized  by  a  CAMAC  charge-sensitive  gated 
integrator  and  passed  to  the  computer  for  storage. 

Owing  to  the  2n  symmetry  of  the  NO  ground  state,  stray  magnetic  fields  can  scramble 
the  rotational  alignment  of  the  product  distribution  during  the  molecule’s  1  fis  flight 
time  from  the  surface  to  the  laser  ionization  region.  In  order  to  minimize  stray  magnetic 
fields,"  Helmholtz  coils  are  installed  around  the  exterior  of  the  main  chamber.  The 
regulated  currents  flowing  through  these  coils  are  adjusted  so  that  a  small  field,  pointing 
along  the  surface  normal,  remains  in  the  ionization  region. t  In  addition,  the  filament 
current  used  to  heat  the  surface  is  turned  off  for  10  ms  during  the  laser  pulse. 

The  dynamical  regimes  of  direct  inelastic  scattering  and  trapping/ desorption  are 
differentiated  according  to  their  characteristic  surface  residence  times.  The  residence 
time  for  direct  inelastic  scattering  is  infinitesimal  on  the  microsecond  timescale  of  the 
molecular-beam  pulse.  However,  the  trapped  state  will  exhibit  a  half-life  on  the  surface 
which  is  inversely  proportional  to  the  desorption  rate  constant.  For  our  temperature 
regime,  the  half-life  is  estimated  to  be  2-2000  ms.  Synchronizing  the  laser  to  fire  during 
the  nozzle  pulse  discriminates  in  favour  of  those  molecules  which  have  inelastically 
scattered.  Conversely,  firing  the  laser  200  (is  after  the  90  fis  nozzle  pulse  precludes 
inelastic  scattering  contributions  and  permits  only  detection  of  those  molecules  which 
have  trapped  and  subsequently  desorbed.  The  surface  coverage  at  which  these  experi¬ 
ments  are  performed  is  less  than  3%  of  a  monolayer. 

Analysis 

The  accurate  analysis  of  1  + 1  REMPI  spectra  of  NO  through  the  A2£+-X2II  (0,0) 
band  requires  characterization  of  both  the  extent  of  saturation  in  the  resonant  step  as 
well  as  the  Mj  -dependence  of  the  ionization  step.  There  are  two  stages  in  which  the 
1  +  1  REMPI  data  are  treated.  First,  the  data  are  power-normalized  to  account  for 
variations  in  the  laser  power  arising  from  shot-to-shot  fluctuations  and  changes  in  the 
laser  gain  across  the  dye  curve.  In  real  time,  the  computer  corrects  the  ion  signal  for 
variations  in  the  laser  energy  through  a  least-squares  fitting  routine  described  elsewhere.12 
Secondly,  the  normalized  data  are  reduced  to  population  and  alignment  distributions 
while  considering  saturation  of  the  resonant  step  and  variations  in  the  ionization 
probability  with  Mj  (the  projection  of  J  on  the  laser  polarization  direction).'2 

Our  findings  indicate  that  for  our  required  sensitivity  range,  partial  saturation  is 
unavoidable.  Complete  saturation,  however,  eliminates  all  chances  of  measuring  rota¬ 
tional  alignment.  Therefore  we  choose  to  work  in  a  regime  of  moderately  weak  saturation 
and  take  great  care  in  the  reduction  of  population  and  alignment  moments  to  remove 
the  detrimental  effects  of  saturation. 

The  second  photon  absorbed  in  a  1  + 1  REMPI  scheme  excites  a  continuum  transition 
in  the  molecule.  The  dipole  moment  of  ths  transition  points  in  some  direction  relative 
to  the  intemuclear  axis.  The  limiting  direction  of  the  transition  dipole  moment  is  either 
parallel  or  perpendicular  to  the  intemuclear  axis.  The  projection  of  the  dipole  transition 
moment  onto  the  intemuclear  axis  directly  determines  the  Mr  dependent  transition 
probability  for  the  ionization  step.  This  is  required  because  different  branch  excitations 
in  the  resonant  step  create  different  alignment  distributions  in  the  intermediate  level. 
The  probability  for  ionization  from  the  intermediate  level  is  a  function  of  both  the 
intermediate-state  alignment  created  by  resonant  excitation  and  the  fraction  of  parallel 
versus  perpendicular  character  in  the  ionization  transition. 

Fortunately,  rotational  populations  extracted  from  different  branch  excitations  reveal 
redundant  information.  Additionally,  different  branches  saturate  at  different  laser  power 

t  A  magnetic  field  along  the  cylindrical  symmetry  axis  will  not  affect  the  observed  alignment.  Instead,  it 
will  ensure  that  stray  transient  fields  will  be  insufficient  to  alter  the  net  field  direction. 
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levels  because  of  variations  in  the  rotational  line  strength  with  branch  excitation. 
Calibration  spectra  of  NO  in  a  room-temperature  bulb  are  utilized  to  determine  both 
the  extent  of  saturation  and  the  Afrdependent  ionization  probability  in  the  1  + 1  REMPI 
process.  This  information  is  then  used  to  analyse  nascent  distributions  arising  from  NO 
molecules  which  have  scattered  and  desorbed  from  the  Pt(lll)  surface. 

The  experimentally  measured  Af,  -dependent  ionization  probability  is  shown  in  fig. 
3, 12  which  reveals  a  relatively  slight  variation  in  the  ionization  transition  probability 
with  the  quantum  number,  M,.  This  has  the  consequence  of  limiting  the  amount  of 
rotational  alignment  information  which  can  be  extracted  from  1  + 1  REMPI  of  NO. 
Rotational  alignment  is  conveniently  described  by  the  even  moments  of  the  rotational 
angular  distribution.  In  the  case  of  cylindrical  symmetry,  1  + 1  REMPI  through  the  NO 
A-X(0, 0)  band  will  only  be  sensitive  to  the  population  and  the  quadrupole  moment, 
Ao2>.11'12  Because  of  the  ionization  dynamics,  the  Ao4)moment  cannot  be  extracted  with 
any  sensitivity.  The  value  of  the  quadrupole  moment  ranges  from  +2  to  -l,'3  where 
these  limits  correspond  to  the  molecule  rotating  in  a  plane  parallel  to  the  surface 
(‘helicopter’  motion)  or  in  a  plane  perpendicular  to  the  surface  (‘cartwheel’  motion), 
respectively  (see  fig.  1 ).  A  quadrupole  moment  of  zero  suggests  no  preferential  alignment 
of  rotation,  Le.,  an  isotropic  distribution. 

Extraction  of  the  population  and  quadrupole  alignment  moments  requires  that  the 
ion  signal  be  recorded  for  only  two  independent  planes  of  linearly  polarized  light.  In 
the  laboratory,  we  record  spectra  under  conditions  where  the  polarization  direction  of 
the  laser  is  either  parallel  or  perpendicular  to  the  surface  normal.  This  is  performed  by 


Fig,  3.  The  Mj-dependence  of  the  ionization  step  in  1  + 1  REMPI  of  NO  through  the  A  2X*-X  2n 
(0, 0)  band.  The  solid  curve  and  shaded  region  represent  the  best  fit  and  corresponding  uncertainty 
in  the  experimental  measurement.12  The  vertical  lines  are  calculated  theoretically  by  ab  initio 

methods.31 
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alternating  the  polarization  between  these  two  directions  throughout  an  entire  wavelength 
scan.  For  a  given  rotational  transition  out  of  a  rotational  state  J,  we  identify  Jj  and  Jx 
as  the  integrated  ion  intensities  for  which  the  laser  polarization  was  parallel  or  perpen¬ 
dicular  to  the  surface  normal  (the  cylindrical  symmetry  axis),  respectively.  The  quad- 
rupole  alignment  moment  A£\J)  is  related  to  these  measured  intensities  by 

2{/,-/J  I  kn(Mj),  /At] 

Aq2)(  J)  - ^ -  (1) 

{/,+2/J  I  (37(— -l) 

where  Mj  is  'he  quantum  number  representing  the  projection  of  J  on  the  cylindrical 
symmetry  axis,  fco,(Mx)  is  the  A/rdependent  transition  probability  for  the  resonant 
photon  step,  k{1(Mj)  is  the  Af,- dependent  transition  probability  for  the  ionization  step, 
/At  is  the  measured  laser  fluence  and  F,„  is  a  function  which  calculates  the  overall 
1  +  1  REMPI  ionization  probability  while  including  the  effects  of  saturation  and  inter¬ 
mediate-state  alignment.  The  analytical  form  of  Fut,  as  well  as  kot(Mj)  and  kl2(Mj), 
have  been  worked  out  previously."-12 

Results 

Inelastic  Scattering 

The  dynamical  regime  of  inelastic  scattering  is  selectively  explored  by  firing  the  laser 
synchronously  with  the  rising  edge  of  the  nozzle  gas  pulse,  t  A  typical  spectrum  of  NO 
scattered  at  normal  incidence  from  a  400KPt(lll)  surface  is  shown  in  fig.  4.  This 
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Fig.  4.  Spectrum  of  NO  scattering  from  a  Pt(  1 1 1 )  surface  at  400  K.  The  inset  provides  an  expanded 
view  of  the  high-/  region.  The  rotational  transitions  of  the  resonant  excitation  step  are  assigned. 

t  Normal  incidence/ normsl  detection  prohibits  angular  discrimination  against  the  incident  molecular 
beam.  Temporal  discrimination  it  also  impossible  because  of  the  slow  falling  edge  on  the  molecular-beam 
pulse  relative  to  the  flight  time  of  the  moleculet  (0.3  mm  ms'1).  However,  owing  to  the  low  rotational 
temperature  of  the  beam,  interference  from  the  beam  will  affect  only  the  states  J  <  7.3. 
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portion  of  the  spectrum  contains  predominantly  branches  originating  from  the  2n,/2 
ground  spin-orbit  state.  A  section  of  the  figure  is  expanded  to  illustrate  the  high 
signal-to-background  ratio  that  is  routinely  realized  with  1  + 1  REMPI. 

The  spectra,  recorded  at  orthogonal  laser  polarizations,  are  reduced  to  population 
and  alignment  distributions.  The  population  distributions  show  considerable  rotational 
excitation  and  are  reported  elsewhere.9  Fig.  5  shows  the  quadrupole  alignment  moment 
for  the  scattered  molecules  versus  their  rotational  quantum  number  J.  For  J  <  12.5  there 
is  no  appreciable  alignment.  Of  course,  interference  by  the  incident  beam  will  dilute 
the  amount  of  observable  alignment  in  this  region.  Beyond  J  =  12.5  there  is  a  steady 
rise  in  the  rotational  alignment  until  it  peaks  near  J  =  25.5.  The  maximum  alignment 
observed  corresponds  to  a  quadrupole  moment  of  -0.5.  Recall  that  A™  has  a  limiting 
value  of  -1,  which  occurs  when  all  the  molecules  rotate  with  a  cartwheel-type  motion. 
For  J  >  25.5,  the  alignment  appears  to  decrease  slightly. 

For  clarity,  fig.  5  includes  only  the  quadrupole  moment  values  measured  for  the 
2n1/2(A")  state.  Here,  the  A"  notation  refers  to  the  symmetry  of  the  ground-state 
A-doublet.14  Measurement  of  the  rotational  alignment  in  the  A'  state  of  the  2jt,/2  level 
is  difficult  because  of  congestion  in  one  branch  and  branch-mixing  in  the  other.  However, 
the  two  A-doublets  of  opposite  symmetry  in  the  2nJ/2  state  exhibit  similar  rotational 
alignment  distributions. 


T  rapping/desorption 

The  desorption  regime  is  isolated  by  firing  the  laser  200  /xs  after  the  completion  of  the 
nozzle  pulse.t  thus  eliminating  contributions  from  inelastic  scattering  channels.  The 
Pt(  111)  sample  is  held  at  553  K,  while  the  molecular  beam  delivers  pulses  of  NO  to  the 


Fig.  S.  Quadrupole  moment  alignment  distribution  as  a  function  of  the  rotational  quantum  number 
J  plotted  for  the  case  of  inelastic  scattering  of  NO  from  Pt(lil)  at  400  K. 


t  The  nozzle  pulse  is  characterized  by  a  fast  rising  edge  and  a  relatively  slow  tailing  edge.  Care  is  taken 
to  ensure  that  the  laser  Am  well  after  the  visible  uil  of  the  pulse. 
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Rotational  Alignment  of  NO  from  Pt(  111) 


Fig.  6.  Quadrupole  moment  alignment  distribution  for  NO  desorption  plotted  against  rotational 
quantum  number  J.  The  Pt(  11 1 )  surface  temperature  is  553  K.  0,  R2i  branch  member;  •,  Q,  +  P21 

branch  member. 


surface  at  10  Hz.  Because  of  the  low  signal  intensity  in  this  operating  regime,  accurate 
alignment  moments  cannot  be  extracted  during  the  course  of  a  wavelength  scan.  There¬ 
fore,  the  laser  is  tuned  to  a  specific  rotational  transition  and  ions  are  collected  for 
1000-10  000  laser  shots  at  alternating  laser  polarization  directions.  The  measured 
intensities  are  analysed  using  eqn.  (1). 

Fig.  6  shows  the  quadrupole  moment,  A{q\J),  as  calculated  from  two  different 
rotational  branches  of  the  same  2II,/2  A-doublet  state.15  There  is  little  to  no  rotational 
alignment  for  y  <  12.5,  while  higher  rotational  levels  show  increasing  values  of  the 
quadrupole  moment.  A  positive  quadrupole  moment  indicates  a  preference  for  rotational 
motion  similar  to  that  of  a  helicopter  (see  fig.  1).  As  in  the  case  of  direct  inelastic 
scattering,  the  A-doublet  states  in  both  spin-orbit  levels  exhibit  similar  degrees  of 
alignment. 


Discussion 

The  technique  of  1  + 1  REMPI  spectroscopy  successfully  probed  rotational  alignment 
in  NO,  subsequent  to  its  interaction  with  a  Pt(  111)  surface.  The  extraction  of  alignment 
information  from  1  +  1  REMPI  spectra  requires  a  methodology  which  incorporates  the 
effects  of  saturation  in  the  resonant  step  and  intermediate  state  alignment  in  the  ionization 
step.  As  a  check,  the  quadrupole  moment  was  reduced  from  the  polarization  dependence 
of  both  R2i  and  Q,  +  P2,  branch  members.  While  the  polarization  ratios  of  these  two 
branches  show  opposite  preferences,  they  reduce  to  the  same  values  of  the  quadrupole 
moment  for  each  rotational  level  J. 

These  experiments  cover  new  ground  in  the  field  of  gas-surface  dynamics.  They 
represent  the  first  observation  of  rotational  alignment  in  molecular  desorption.  Addi¬ 
tionally,  this  marks  the  first  study  of  inelastic  scattering  in  which  rotational  levels  up 
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to  three  times  more  energetic  than  the  incident-beam  energy  are  examined  in  a  state- 
selective  manner.  Although  significant  surface  to  rotational  energy  transfer  is  responsible 
for  populating  states  with  rotational  energy  exceeding  the  beam  energy,  rotational 
alignment  is  created  in  these  states  and  is  preserved  in  the  final  distribution.  The 
observation  of  opposite  preferences  for  rotational  alignment  in  desorption  and  inelastic 
scattering  further  exemplifies  the  interesting  dynamics  at  worlc  in  this  chemical  system. 

Both  inelastic  scattering  and  trapping/ desorption  regimes  yield  little  rotational 
alignment  for  the  levels,  J  <  12.S,  while  higher  rotational  levels  show  a  monotonic 
increase  in  the  magnitude  of  the  quadrupole  moment.  For  the  case  of  desorption  the 
alignment  distribution  implies  a  preference  for  helicopter  motion.  In  contrast,  the 
inelastic  scattering  process  produces  an  alignment  distribution  which  is  indicative  of 
cartwheel  motion.  Although  both  types  of  gas-surface  interactions  involve  the  same 
molecule-surface  potential,  their  dynamics  differ  because  of  the  way  the  molecule  enters 
and  exits  the  potential  well.  The  following  interpretations  are  supported  by  classical 
trajectory  calculations  which  were  performed  to  simulate  the  dynamics  of  the  NO/  Pt(  1 1 1 ) 
interaction.16 

In  the  case  of  inelastic  scattering,  the  quadrupole  moment  shows  a  similar  preference 
toward  cartwheel  motion  as  that  seen  for  the  scattering  of  NO 13  and  N24'6  from  Ag(  111). 
The  preference  for  cartwheel  motion  in  inelastic  scattering  arises  from  the  predominantly 
out-of-plane  forces  that  the  molecule  experiences  during  the  impulsive  surface  collision. 
These  forces  torque  the  molecule  such  that  it  rotates  in  a  plane  normal  to  the  surface. 
For  NO/Pt(Ill),  the  observed  quadrupole  moment  peaks  at  a  value  of  -0.5. 

There  are  four  possible  reasons  why  the  quadrupole  moment  might  not  reach  its 
limiting  value  of  -1.  First,  corrugation  in  the  surface  potential  introduces  tangential 
forces  that  are  not  present  on  a  flat  surface.  Hence,  on  a  corrugated  surface  the  molecule 
can  receive  torques  which  induce  rotational  motion  in  a  plane  other  than  the  pure 
cartwheel  limit  predicted  for  a  flat  surface.  Secondly,  multiple  bounces  on  the  surface 
will  scramble  alignment,  as  demonstrated  by  the  trajectory  model  presented  elsewhere.16 
This  effect  potentially  differentiates  direct  inelastic  scattering  from  indirect  inelastic 
scattering.  Thirdly,  the  low  populations  in  the  highest  rotational  levels  are  susceptible 
to  a  weak  but  non-negligible  contribution  from  trapping/ desorption.  This  contribution 
would  most  likely  have  the  opposite  sense  of  alignment  (as  seen  in  the  desorption  results 
reported  here)  and  thus  affect  the  observed  alignment  more  dramatically.  Fourthly, 
breaking  cylindrical  symmetry  in  the  system  introduces  new  non-vanishing  moments  to 
the  measured  alignment  distribution.  The  consequence  of  this  effect  is  that  measurement 
is  made  of  the  ‘apparent'  quadrupole  moment  rather  than  the  true  quadrupole  moment.17 
However,  we  believe  that  deviations  from  cylindrical  symmetry  are  minimal  for  this 
system. 

The  quadrupole  moment  distribution  measured  for  the  case  of  molecular  desorption 
is  quite  surprising.  For  rotational  states  with  J  >  12.5  a  positive  quadrupole  moment  is 
observed.  The  maximum  measured  quadrupole  moment  (+0.15)  implies  that  1.2-1. 5t 
times  as  many  molecules  desorb  with  their  plane  of  rotation  resembling  that  of  a 
helicopter  as  those  resembling  a  cartwheel  motion.  The  observed  alignment  cannot  be 
reconciled  with  the  simple  picture  of  a  direct  transition  from  the  known  low-temperature 
equilibrium  position  (NO  bound  normal  to  the  surface)  to  the  gas-phase  free  rotor 
without  the  existence  of  an  intermediate  state  occupied  immediately  prior  to  desorption. 
Our  measurements  are  sensitive  to  the  last  few  interactions  the  molecule  makes  with 
the  surface  before  desorbing,  i.e.  the  nature  of  the  molecule-surface  potential  near  the 


t  The  limiting  values  of  this  range  assume  that  the  rotational  alignment  distribution  is  best  described  by 
either  an  ellipsoid  or  a  function  which  contains  a  linear  combination  of  cos2  9  and  sin2  9,  respectively.  The 
trajectory  calculations  suggest  that  the  latter  function  provides  a  more  accurate  description  of  the  distribution. 
In  any  case,  these  two  functional  forms  probably  represent  the  limiting  cases  for  the  alignment  distribution. 
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transition  state.  Rotation  in  the  plane  of  the  surface  is  less  hindered  than  rotation  in  a 
plane  normal  to  the  surface  because  the  former  motion  never  forces  the  repulsive  O 
end  of  the  molecule  closer  to  the  surface  than  the  attractive  N  end.  This  implies  that 
there  exists  a  higher  density  of  rotational  states  associated  with  helicopter  motion  on 
the  surface  than  those  associated  with  a  cartwheel  motion.  Thermal  population  of  these 
surface  hindered-rotor  states18  followed  by  cleavage  of  the  molecule-surface  bond  will 
leave  the  desorbed  molecule  with  a  preference  toward  helicopter  motion  (fig.  7). 

The  observed  rotational  alignment  distribution  for  molecular  desorption  is  not 
inconsistent  with  the  NO/Pt(lll)  measurements  of  Ertl  and  co-workers19  and  Mantell 
et  al.20  The  first  group  measured  no  detectable  change  in  the  populations  extracted  from 
Q-branch  excitations  relative  to  those  of  P  and  R  branches.19  This  is  a  relatively 
insensitive  measure  of  rotational  alignment  and  the  magnitude  of  their  error  bars 
precludes  a  quantitative  determination  of  the  quadrupole  moment.  Additionally,  the 
maximum  rotational  quantum  state  which  they  were  able  to  observe  was  J  =  23.5.  The 
latter  study  of  Mantell  et  al  imposed  the  following  limit  on  the  quadrupole  moment: 
Ao2)(/)<|0.1|  for  /  =  4.5  and  J  =  12.5.20  This  agrees  well  with  our  reported  value  of 
Ao(J)  =  0.0  ±0.04  for  these  two  quantum  levels.  Additionally,  the  experiments  of 
Mantell  et  al.20  were  performed  at  a  much  higher  coverage  and  lower  temperature  than 
those  reported  here.  At  higher  coverages,  lateral  interactions  become  important  and 
these  may  inhibit  rotational  motion  in  the  plane  parallel  to  the  surface. 


l 


/ 
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Fig.  7.  Proposed  mechanism  for  desorption.  Frame  1  shows  the  low-temperature  equilibrium 
geometry  for  NO  on  Pt(lll).  Rotation  on  the  surface  is  less  hindered  in  the  plane  parallel  to  the 
surface.  Frames  2  and  3  show  a  rotationally  excited  species  on  the  surface.  Cleavage  of  the 
chemisorption  bond  (frame  4)  leads  to  a  preference  for  'helicopter'  motion  in  the  escaping  NO 

molecule. 
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In  conclusion,  the  ability  to  make  quantitative  measurements  of  the  polarization 
dependence  of  1  +  REMPI  allows  us  to  determine  rotational  alignment.  Such  rotational 
alignment  measurements  provide  new  insight  into  the  highly  anisotropic  processes  of 
inelastic  scattering  and  trapping/ desorption  of  molecules  on  surfaces. 

This  work  was  supported  by  the  Office  of  Naval  Research  (N000014-87-K-00265).  We 
acknowledge  Stacey  F.  Shane  for  helpful  discussions. 
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Scattering  experiments  have  been  performed  using  orientated  beams  of  NO 
molecules  in  the  n,/2-electronic  ground  state  and  J  =  Mj=[.  In  direct 
inelastic  scattering  we  observe  that  with  the  O-end  of  the  molecule  preferen¬ 
tially  orientated  towards  the  surface,  the  angular  distribution  shifts  away 
from  the  specular  direction  towards  the  surface.  In  the  experiments  on 
trapping/desorption  it  appears  that  trapping  is  enhanced  for  the  O-end 
towards  the  surface.  Both  results  can  be  interpreted  in  terms  of  larger 
rotational  excitation  of  the  molecule  with  the  O-end  down  than  in  case  of 
the  N-end  down.  Since  the  rotational  excitation  will  mainly  occur  at  the 
expense  of  the  normal  component  of  the  incident  velocity,  this  can  easily 
explain  the  experimental  results.  This  is  confirmed  using  classical  trajectory 
calculations.  The  interaction  between  NO  and  Ag(lll)  seems  therefore  to 
be  governed  by  the  anisotropy  of  the  repulsive  interaction,  which  is  stronger 
for  the  O-end  region. 


Molecules  tend  to  be  adsorbed  on  a  surface  with  preferential  orientations.  For  example, 
simple  diatomic  molecules  like  CO  and  NO  are  bound  at  several  crystal  surfaces  with 
the  molecular  axis  orientated  more  or  less  perpeneicular  to  the  surface.1'2  In  these 
studies  the  preferential  orientation  of  NO  and  CO  are  such  that  the  molecules  are  bound 
to  the  surface  by,  respectively,  the  N-atom  end  or  the  C-atom  end.  In  addition,  for  e.g. 
CO  on  Ni(110)  the  perpendicular  orientation  is  known  »o  be  quite  well  defined.’ 

The  fact  that  the  molecules  when  adsorbed  exhibit  a  preferred  orientation  with 
respect  to  the  surface,  does  not  necessarily  imply  that  the  dynamics  of  gas-surface 
interactions  are  governed  by  the  initial  molecular  orientation  in  the  gas  phase.  For 
example,  at  very  low  velocities  during  its  approach  to  the  surface  the  molecule  might 
be  able  to  achieve  its  optimum  orientation  adiabatically.  Also  the  approach  to  the 
orientated  chemisorption  state  on  the  surface  might  be  preceded  by  trapping  into  a 
precursor  state,  a  process  which  may  not  show  significant  orientational  preference.  The 
dependence  of  the  scattering  dynamics  on  molecular  orientation  can  also  be  degraded 
due  to  e.g.  surface  structure  and  surface  vibrations. 

In  recent  years,  however,  there  have  been  experimental  studies  that  suggest  the 
possibility  of  orientational  or  steric  effects  in  gas-surface  scattering.4'7  For  example 
promises  for  the  presence  of  such  effects  come  from  the  observations  of  rotational 
excitation  in  direct  inelastic  scattering  of  notably  NO  from  Ag(lll),  e.g.  see  ref.  (4), 
(7)-(  10)  and  references  cited  therein.  Theoretical  analysis  of  NO  scattering  from  Ag(  111) 
indicates  that  the  rotational  excitation  can  be  induced  by  the  anisotropy  of  the  repulsive 
wall  of  the  molecule  surface  interaction  potential."  '6  Namely,  the  dominant  feature 
of  rotational  excitation  for  NO  scattering  from  Ag(  1 1 1 )  is  the  occurrence  of  rotational 
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rainbows,  which  are  signatures  of  the  maximal  rotational  excitation  in  the  system  and 
thus  related  directly  to  the  form  of  the  interaction."'16  A  careful  analysis  of  the  rotational 
excitation  spectra  led  Voges  and  Schinke  to  the  conclusion  that  in  fact  two  rotational 
rainbows  occur,  meaning  that  there  are  two  orientations  of  the  molecule  for  which  the 
rotational  excitation  is  extremal.13  This  in  turn  implies  that  the  two  ends  of  the  molecule 
interact  differently  with  the  surface.  From  these  theoretical  studies  it  could  not  be 
established  which  end  of  the  molecuh  yields,  when  scattered,  the  largest  rotational 
excitation.  Also  other  studies  give  indications  for  the  importance  of  steric  effects,  but 
until  now  no  direct  experimental  proof  was  available.  The  present  experiments  on 
collisions  of  orientated  NO  from  Ag(lll)  demonstrate  the  occurrence  of  a  steric  effect 
in  the  direct  inelastic  scattering,  as  detected  in  the  angular  distribution  of  scattered 
particles.17,18 

Even  when  indirect  inelastic  scattering  steric  effects  occur  this  does  not  mean  that 
also  for  trapping  steric  effects  will  be  prominent.  A  direct  experimental  determination 
is  required.  At  translational  energies  around  100  meV  ca.  40%  of  the  NO  molecules 
have  been  observed  to  be  trapped  on  Ag(lll).19  Because  of  its  low  binding  energy,  the 
molecule  will  desorb  after  having  fully  accommodated  to  the  surface,  biit  instantaneously 
on  the  time  resolution  of  the  experiment  (ca.  10“ 5  s ).  Desorbed  molecules  therefore  can 
be  detected  outside  the  angular  domain  of  direct  inelastic  scattering  and  in  this  way 
one  can  obtain  trapping  probabilities  from  a  scattering  experiment.19  Although  the 
adsorption  geometry  of  this  system  is  not  known,  from  analogy  with  other  systems,  we 
infer  that  the  NO  will  be  adsorbed  also  in  an  upright  position  with  the  N-end  pointing 
towards  the  surface.  We  orientate  the  NO  in  the  molecular  beam  just  before  it  collides 
with  the  Ag(lll)  crystal  and  measure  the  relative  difference  in  the  intensity  of  the 
trapping-desorption  scattering  as  function  of  the  molecular  orientation.20  The  results 
give  us  directly  the  more  favourable  end  of  the  molecule  for  trapping  at  the  surface. 
The  results  can  be  interpreted  in  terms  of  classical  trajectory  calculations.21 

In  a  beautiful  set  of  experiments  Zare  and  co-workers  have  observed  alignment  and 
orientation  of  N2  after  direct  inelastic  scattering  from  Ag(lll).5  In  this  case  the  word 
orientation  is  used  in  a  slightly  different  sense,  namely  that  the  average  final  angular 
momentum  J  for  a  given  |j|  shows  a  preferential  orientation  in  space;  in  other  words, 
all  molecules  are  spinning  in  the  same  direction.  Clearly  these  experiments  show 
evidence  for  a  strong  dependence  of  the  gas-surface  interaction  on  the  initial  direction 
of  the  molecular  axis,  but  this  is  measured  in  the  final  state  and  not  by  selecting  an 
initial  state  as  is  done  in  the  experiments  to  be  discussed  here.  In  addition,  these 
experiments  show  evidence  for  a  kind  of  microcorrugation  that  couples  to  rotation  via 
the  parallel  velocity.  In  the  present  system  NO  on  Ag(lll)  corrugation  is  mostly 
neglected,  which  is  not  entirely  correct.  Alignment  means  that  J  shows  a  preferred 
direction  but  that  the  sign  of  J  is  both  positive  and  negative  with  equal  probability. 
Alignment  has  also  been  observed  for  NO  scattered  from  Ag(  1 1 )  and  is  interpreted  as 
evidence  for  the  relative  flatness  of  the  surface.23 

For  the  desorption  of  CHFj  from  Ag(lll)  the  experimental  observation  of  an 
orientational  effect  has  been  claimed  by  Novakoski  and  McClelland.6  CHFj  is  believed 
to  be  more  likely  to  desorb  with  the  fluorine  end  directly  pointing  away  from  the  surface. 
They  concluded  out  of  their  measurements,  that  most  probably  the  H-end  will  be  more 
attracted  by  the  surface,  than  the  Frend. 

Experimental 

A  detailed  description  of  the  experimental  set-up  will  be  given  elsewhere;  a  schematic 
diagram  of  the  apparatus  is  shown  in  fig.  1.18“  In  brief,  we  use  a  pulsed  supersonic 
molecular  beam  of  a  mixture  of  NO  seeded  in  a  mixture  of  He  and  Ne  to  prevent 
dimerisation  in  the  expansion  and  to  control  the  incident  translational  energy.  Because 
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Fig.  1.  Schematic  diagram  of  the  experimental  arrangement. 

of  the  low  rotational  temperatures  (4  K)  in  these  beams  nearly  all  molecules  will  be  in 
the  lowest  rotational  level  of  the  FI,/2  electronic  ground  state  of  NO.  At  electric  fields 
strong  enough  for  A -decoupling  (£>12kVctn  ')  the  orbital  motion  of  the  unpaired 
electron  spin  induces  an  essentially  linear  Stark  effect  for  all  Af,  components  of  the 
J  =  {  rotational  ground  state.25  Owing  to  this  Stark  effect  the  electric  hexapole  focusing 
technique  can  be  used  to  produce  a  beam  of  state-selected  and  oriented  NO  molecules 
in  an  electric  guiding  field  normal  to  the  Ag(lll)-surface.26  29  The  guiding  field  is 
generated  by  placing  a  3  mm  diameter  rod,  at  a  high  d.c.  voltage,  parallel  to  the  face 
of  the  grounded  crystal.  The  probability  distribution  of  the  specific  orientation  yE  of 
the  molecular  axis,  pointing  from  O  to  N,  with  respect  to  the  electric  field  direction  E 
can  be  calculated  for  molecules  in  the  2n,/2(J  =  5,  fi  =  j,  M,=\)  state  selected  and  is 
given  by  the  expression  W^cos  yE)  =  0.5  +  0.5  cos  yE  .28  29  A  polar  plot  of  this  distribution 
is  shown  in  fig.  2.  From  this  diagram  it  can  be  seen  that  by  choosing  a  positive  rod 
voltage  the  N-end  of  the  molecule  can  be  preferentially  aimed  at  the  surface.  A  negative 


Fig.  2.  Polar  plot  of  the  probability  distribution  for  the  angle  yE  between  the  molecular  axis  of 
NO[!n1/2(y  =  j,  =  Mj=$]  with  respect  to  an  external  electrostatic  field  high  enough  for 

A-decoupling  (£  >  12  kV  cm-1). 
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rod  voltage  causes  an  orientational  distribution  with  mostly  the  O-end  towards  the 
surface. 

The  scattered  molecules  are  detected  with  a  quadrupole  mass  spectrometer.  The 
crystal  was  mounted  on  a  goniometer  and  the  mass  spectrometer  was  turned  around 
the  crystal.  In  this  way  both  the  detection  angle  @f  as  well  as  the  angle  of  incidence 
0i;  both  measured  with  respect  to  the  surface  normal,  can  be  varied. 

Direct  Inelastic  Scattering 

We  have  measured,  for  negative,  zero  and  positive  rod  voltages,  the  relative  intensity 
of  the  in-plane  reflected  molecules  as  a  function  of  0f  at  an  incident  translational  energy, 
E,  =  200  meV,  at  an  angle  of  incidence  0*  =  37°  and  at  a  surface  temperature,  Ts  =  600  K. 
In-plane  scattering  was  chosen  because  it  probes  essentially  only  those  molecules  that 
are  reflected  directly  from  the  crystal  and  have  not  been  desorbed  after  trapping.19  22 
In  fig.  3  we  plot  [/+(@f) - /o(0f)]//o(0f)  and  [/_(0f) - /o(0f)]//o(0r)  as  a  function  of 
0r.  Here  M0f)  is  the  scattered  intensity  measured  at  0f  with  a  positive  rod  voltage 
(thus  with  the  N-end  preferentially  pointing  towards  the  surface  before  the  collision). 
For  /_(0f)  and  /o(0f),  respectively,  the  rod  voltage  was  negative  (with  the  O-end 
preferentially  towards  the  surface)  and  zero  (random  orientation).  Note,  that  from 
W(cos  yE)  =  0.5  +  0.5  cos  -yE  one  expects,  as  confirmed  by  the  data  collected  in  our 
experiment,  that  the  plotted  ratios  are  exactly  symmetric  to  one  another.  From  this 
figure  we  see  that  the  rod  voltage  influences  the  direct  scattering  of  NO  from  Ag(lll). 
For  small  scattering  angles  one  observes  /(©f)  < /o(0f)  < /+(©f),  whereas  for  large 
scattering  angles  the  reverse  is  seen.  This  means  that  for  the  ‘N-end  collision’,  the 
preferred  scattering  angle  is  smaller  while  for  the  ‘O-end  collision’  it  is  larger  than  for 
a  ‘random  orientation  collision’.  Assuming  the  angular  distribution  for  direct  inelastic 


e,r 

Fi,.  3.  Results  of  the  measurements  of  NO  [2n,/2(7  =^,  fl  =  $,  Mj  =})]  direct  scattering  from  an 
Ag( 111)  surface  without  guiding  field  and  with  an  electric  guiding  field  of  1 5  kV  cm" 1  for  0,  =  35°, 
£,  =  200meV  and  T,  =  600  K.  In  the  figure  is  plotted  the  relative  change  between  the  intensity 
scattered  under  the  reflection  angle  8r  with  an  electric  guiding  field,  /t/_(9f),  and  without  an 
electric  guiding  field,  /o(0 ,).  The  squares  are  the  measurements  done  with  negative  rod  voltage, 
E  pointing  towards  the  surface,  and  the  triangles  are  the  measurements  for  a  positive  rod  voltage, 
E  pointing  away  from  the  surface.  The  line  through  the  points  are  drawn  to  guide  the  eye. 
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scattering  for  ‘random  orientation*  can  be  parameterized  by  /0(©r)  =  cos10  (0f— 0(- 
5°),9'22  we  obtain  the  angular  distributions  for  positive  and  negative  rod  voltages  (fig. 
4).  These  angular  distributions  have  been  calculated  by  increasing  or  decreasing  /o(0 f) 
by  the  percentages  shown  in  fig.  3.  The  shift  between  the  angular  distributions  can  be 
explained  in  the  following  way. 

Near-specular  scattering  indicates  that  the  surface  used  in  our  experiments  is  almost 
flat  and  structureless.8-22  Indeed,  in  many  theoretical  studies  of  this  system  a  flat  surface 
is  assumed."'14  Thus,  the  component  of  the  molecular  momentum  parallel  to  the  surface 
is  expected  to  remain  practically  unchanged  by  the  collision.  This  means  that  rotational 
excitation  can  only  occur  at  the  expense  of  the  normal  component  of  the  incident 
momentum.  The  resulting  loss  of  this  normal  momentum  component  implies  an  inclina¬ 
tion  of  0f  towards  the  surface.  Such  an  increase  in  inclination  as  a  function  of  the  final 
rotational  state  has  been  measured  for  NO-Ag(lll)  with  state-specific  detection.4-8 
Numerical  scattering  calculations  on  highly  anisotropic  interaction  potentials  could 
essentially  reproduce  the  rotational  excitation  spectra  observed.12'14-30  The  highest 
rotational  excitation  or  lowest  rotational  rainbow  was  found  to  occur  for  an  incoming 
orientation  of  the  molecular  axis  of  about  45°, 13  and  the  most  anisotropic  end  of  the 
molecule  pointed  towards  the  surface.30  Combining  the  information  from  these  theoreti¬ 
cal  studies  and  the  present  experiments,  we  conclude  that  the  more  anisotropic  end  of 
NO  is  the  O-end.  Conversely,  the  rotational  excitation  with  the  same  45°  orientation, 
but  with  the  other  end  in  front,  was  calculated  to  be  much  less.  This  is  in  complete 
agreement  with  our  results  shown  in  fig.  4  and  tells  us  that  the  N-end  is  the  least 
anisotropic.  Very  recent  calculations  by  Holloway  and  Halstead  using  propagation  of 
semiclassical  wavepackets  on  the  potential  by  Voges  and  Schinke  confirm  that  the 
rotational  excitation  will  be  different  for  NO  beams  orientated  with  their  N-end  preferen¬ 
tially  towards  the  surface  from  those  pointing  with  their  O-end  preferentially  towards 
the  surface.31  Although  more  complex  models  including  energy  transfer  to  phonons 
and  a  structured  surface  may  change  the  detailed  shape  of  the  angular  distributions,  we 
believe  that  the  physical  picture  presented  here  will  remain  unchanged. 


Fig.  4.  Angular  distributions,  /+(0,)  and  /-(0r),  for  direct  scattering  of  NO  from  Ag(Ul)  presented 
in  a  polar  plot  for  positive  and  negative  rod  voltage,  i.e.  for  two  different  orientation  distributions 
of  the  NO  molecular  axis  with  respect  to  the  Ag(  111)  surface  (0|  =  35°,  £,  =  200  meV,  T,  =  600  K). 
The  angular  distributions,  L+(0f)  and  /_(0r),  are  deduced  as  described  in  the  text.  The  dotted 
arrow  gives  the  direction  for  specular  scattering.  Note,  that  although  the  angular  shifts  might 
seem  small,  it  is  quite  a  noticeable  effect  in  the  energy  loss.  Moreover  since  the  preferential 
orientation  of  the  incoming  molecular  is  not  very  large. 
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Trapping  Desorption 

In  the  experiments  on  trapping  followed  by  desorption  the  total  reflection  angle, 
0,  =  18O°-0i-9f,  was  fixed  to  160°  to  be  sure  that  only  molecules  scattered  via 
trapping-desorption  scattering  are  detected.19,22  The  angle  of  incidence  0,  has  been 
varied  between  30  and  80°  with  respect  to  the  surface  normal.  The  incident  energy  Ex 
was  100  meV.  The  surface  temperature  was  held  constant  at  600  K,  to  keep  the  residence 
time  of  the  NO  molecule  at  the  surface  negligibly  small  on  an  experimental  time 
resolution  (>  10  /is).22  We  record  the  intensity  of  the  scattered  molecules  in  the  desorp¬ 
tion  channel  for  the  two  opposite  incident  orientational  distributions  alternatively.  In 
fig.  5  we  show  the  relative  difference  R  between  the  trapped  -  desorbed  intensity  for  an 
incoming  molecular  beam  with  preferentially  the  O-end  in  front  and  the  one  for  the 
N-end  in  front,  divided  by  the  trapped  -  desorbed  intensity  for  an  unorientated  beam, 
as  a  function  of  En,  as  before  E„  =  Es  cos2  ©i  stands  for  the  energy  associated  with  the 
perpendicular  velocity  component.  The  intensity  for  the  preferentially  orientated 
molecules  with  the  O-end  towards  the  surface  is  larger  causing  a  positive  R.  From  this 
we  conclude  the  molecules  in  this  orientation  have  a  larger  trapping  probability.  In 
addition,  R  increases  with  increasing  £„  also.20 

These  experimental  results  are  very  surprising.  Intuitively  one  might  think  that 
molecules  with  the  stronger  bonding  end  will  be  trapped  more  easily.  Their  larger 
potential  wells  enhance  the  energy  transfer  from  translation  to  other  degrees  of  freedom. 
This  idea  is  supported  by  classical  trajectory  calculations  by  Muhlhausen  et  al.i0 
However,  the  experiments  show  the  opposite.  A  possibility  to  explain  our  results  may 
be  found  in  the  orientational  dependence  of  energy  transfer  from  translation  to  rotation. 
This  dependence  has  been  calculated  by  Voges  and  Schinke  and  shows  a  strong 
anisotropy  in  the  repulsive  part  of  the  interacting  potential.13  The  molecules  preferen¬ 
tially  oriented  with  the  O-end  in  front  gain  more  rotation.  The  rotational  excitation  will 
be  gained  at  the  expense  of  the  translational  energy,  as  we  deduced  from  the  studies 


Fig.  5.  The  relative  difference  R,  defined  as  the  difference  of  the  trapping  desorption  intensity 
for  an  incoming  beam  of  NO  molecules  in  the  (J, ft,  M)  =  (j,j,j)  state  with  preferentially  the 
O-end  and  with  preferentially  the  N-end  pointing  towards  the  surface  divided  by  the  trapping- 
desorption  signal  from  an  unorientated  molecular  beam  is  plotted  as  a  function  of  E„.  For  the 
experimental  points  (□)  £„-£*  cos2  9,  with  £|-100meV.  The  filled  dots  give  the  results  of 

classical  trajectory  calculations. 
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on  direct  inelastic  scattering.  Therefore,  the  higher  excited  molecules  will  possess  less 
translational  energy  and  may  more  easily  get  trapped.  The  present  experiments  suggest 
the  same  process  of  a  strong  orientational  dependence  of  converting  translational  energy 
in  rotational  excitation  in  the  impulsive  molecule  surface  collision  to  explain  the  steric 
effect,  on  the  trapping  probability.  This  is  substantiated  in  the  following  section.  From 
the  experiments  we  can  clearly  conclude  that  the  trapping  probability  of  NO  on  Ag(  111) 
is  larger  for  the  orientation  with  the  O-end  pointing  towards  the  surface  than  with  the 
N-end  pointing  towards  the  surface. 


Trajectory  Study  of  Trapping 

Trapping  is  due  to  the  effect  that  molecules  can  transfer  enough  energy  from  translation 
into  other  degrees  of  freedom  so  they  can  no  longer  escape  the  potential  well  in  front 
of  the  surface.  For  a  weakly  interacting  system  it  has  been  established  that  the  first 
collision  with  the  surface  is  essential  in  determining  whether  or  not  trapping  occurs.19,32 
This  suggests  that  if  sufficient  energy  is  transferred  to  internal  excitation  of  either 
molecule  or  lattice  it  is  unlikely  that  this  energy  is  converted  again  into  'normal' 
translational  energy  in  a  subsequent  encounter  with  the  repulsive  wall  of  the  surface. 
Using  this  assumption,  simple  classical  trajectory  calculations  can  reveal  the  essential 
physics  of  the  trapping  process.  In  the  system  under  consideration,  NO  on  Ag(lll), 
two  channels  for  transfer  of  translational  energy  are  available,  rotational  excitation  and 
substrate  (phonon)  excitation.  One  can  imagine  two  limiting  cases:  the  first  occurs  when 
the  binding  energy  is  small,  the  surface  rigid  and  the  repulsive  part  of  the  potential 
anisotropic,  the  energy  transfer  from  translation  to  rotation  will  be  the  cause  of  trapping. 
The  second  occurs  when  the  binding  energy  is  large  and  strongly  dependent  on  the 
molecular  orientation  and  the  surface  non-rigid,  the  orientation  dependent  acceleration 
and  subsequent  phonon  excitation  will  determine  the  trapping  probability.  A  potential 
of  the  first  case  is  assumed  by  Voges  and  Schinke.13  The  latter  has  been  elucidated  by 
Muhlhausen  et  al.  in  a  classical  trajectory  study  of  the  NO/Ag(lll)  interaction.30 

The  orientation-dependent  trapping  probability  is  computed  by  classical  trajectory 
calculations21  using  the  cube  model33  and  the  model  potential  of  Voges  and  Schinke.13 
A  surface  cube  mass  of  240  amu  was  taken.  Since  the  molecule  surface  interaction 
potential  is  assumed  to  be  perfectly  flat,  only  the  normal  components  play  a  role  in  the 
calculations.  The  calculated  overall  trapping  probability  for  an  unorientated  NO  beam 
is  in  good  agreement  with  the  experimental  results.19  Fig.  6  shows  the  results  as  a 
function  of  y,  where  y  is  defined  as  the  angle  between  the  molecular  axis,  pointing  from 
O  to  N,  and  the  surface  normal.  Thus  y  =  yE  for  positive  rod  voltage  and  y  =  -yE  for 
negative  rod  voltage  (i.e.  the  N-end  in  front).  According  to  these  calculations  there 
should  be  a  steric  effect  in  the  adsorption.  However,  in  the  case  of  the  most  attractive 
incoming  orientation  (y  =  90°)  the  adsorption  probability  is  almost  the  lowest,  which  is 
in  contrast  to  the  result  obtained  by  the  calculations  of  Muhlhausen  et  aL?°  but  supports 
the  experimental  observation.20  The  reason  for  this  is  that  the  anisotropy  in  the  repulsion 
has  a  much  stronger  steric  effect  in  the  rotational  excitation  and  ‘anticorrelated’  with  it 
is  a  steric  effect  in  the  phonon  excitation.  The  ‘anticorrelation'  is  not  perfect  and  in 
our  case  the  anisotropy  in  the  rotational  excitation  over-rules  the  anisotropy  in  the 
phonon  excitation.*'21  In  this  way  orientations  leading  to  the  largest  rotational  excitation 
will  also  have  the  largest  energy  transfer  from  translation  to  both  rotation  and  phonons, 
and  this  results  in  the  highest  adsorption  probability.  In  case  of  the  present  potential 
the  orientations  feeling  stronger  attraction  are  only  marginally  more  accelerated  towards 
the  surface.  Therefore  the  effect  of  the  anisotropy  in  attraction  is  not  visible.  The 
anisotropy  in  the  attraction  of  the  potential  used  by  Muhlhausen  et  al?0  is  much  larger 
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Steric  Effects  in  Scattering  and  Absorption 


Fig.  6.  The  calculated  trapping  probability  of  NO  with  E„  =  200  meV  on  a  600  K.  Ag( 111)  surface 
as  a  function  of  the  incoming  molecular  orientation,  y. 


than  the  one  we  used.  These  authors  find  that  the  most  attractive  orientation  adsorbs 
the  best.  However,  their  anisotropy  is  most  probably  exaggerated  since  it  is  based  on 
a  binding  energy,  that  is  much  too  strong.  The  present  results  are  reminiscent  of 
rotationally  mediated  selective  adsorption.”  The  change  in  measured  desorption  flux 
for  the  two  different  preferential  orientations  in  the  experiment  agrees  surprisingly  well 
with  the  results  obtained  from  the  classical  trajectory  calculations  as  shown  in  fig.  S. 


Conclusions 

We  have  observed  that  the  angular  distribution  of  NO  directly  scattered  from  Ag(  111) 
depends  on  the  initial  orientation  of  the  molecular  axis.  We  attribute  this  to  the  different 
rotational  excitation  for  the  two  ends  of  the  molecule.  In  addition,  we  have  observed 
that  the  trapping  probability  is  larger  in  case  the  O-end  of  the  molecule  approaches  the 
surface.  From  molecular-dynamics  calculations,  using  the  anisotropic  interaction  poten¬ 
tial  of  Voges  and  Schinke,13  together  with  the  cube  model33  we  can  conclude  that 
rotational  excitation,  phonon  excitation  and  the  trapping  probability  are  dependent  on 
the  initial  molecular  orientation.  The  dependence  on  the  initial  molecular  orientation 
of  the  rotational  excitation  is  determined  by  the  anisotropy  in  the  repulsive  part  of  the 
potential. 

Steric  effects  have  been  found  to  govern  the  mechanism  of  purely  gas-phase  reac- 
tions. 35,36  In  the  present  study  a  first  experimental  proof  is  given,  that  effects  of  molecular 
orientation  also  play  an  important  role  in  gas-surface  collisions.  Orientated  molecule 
scattering  from  surfaces  offers  a  way  for  future  determinations  of  molecule  surface 
anisotropic  potentials.37 


This  work  is  part  of  the  research  program  of  the  Stichting  voor  Fundamenteel  Onderzoek 
der  Materie  (Foundation  for  Fundamental  Research  of  Matter)  and  was  made  possible 
by  financial  support  from  the  Nederlandse  Organisatie  voor  Wetenschappelijk  Onder¬ 
zoek  (Dutch  Organization  for  Advancement  of  Research). 
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Application  of  Translational  Spectroscopy  to  the  Study  of  Reac¬ 
tive  Collisions  of  Molecules  with  Surfaces 


Kenneth  J.  Snowdon 

Fachbereich  Physik,  Universitdt  Osnabriick,  D-4500  Osnabriick , 
Federal  Republic  of  Germany 


The  techniques  of  translational  spectroscopy  and  glancing-incidence 
molecular  ion  beam-surface  scattering  have  been  combined  to  study  reactive 
collisions  of  molecules  with  surfaces.  A  clear  correlation  between  the  results 
and  known  adsorption  and  reaction  behaviour  at  thermal  energies  has  been 
established.  The  similarity  between  the  collision  and  molecular  vibration 
times  permits  the  identification  and  investigation  of  reaction  intermediates 
which  may  not  be  detectable  by  conventional  spectroscopies.  The  technique, 
which  can  in  principle  also  measure  the  molecular  orientation  to  the  surface 
during  scattering,  should  provide  valuable  insights  into  the  dynamics  of 
adsorption  and  reaction,  both  molecular  and  dissociative,  on  surfaces. 
Explicit  results  for  the  interaction  of  N2  with  Ni(110)  and  (111),  02  with 
Ag(  111)  and  Ni(  1 10),  and  CO  and  C02  with  Ni(  1 10)  surfaces  are  presented. 


Atomic  and  molecular  scattering  experiments  have  long  been  used  to  probe  the  charac¬ 
teristics  and  resilience  of  chemical  bonds,  and  the  dynamics  of  individual  reactive 
collision  events.1  Such  experiments  provide  valuable  insight  because  the  energy  dissipa¬ 
tion  mechanisms  and  potential-energy  surfaces  (PES)  for  low-energy  scattering  and 
chemical  reactions  are  identical.  Indeed,  translational  kinetic  energy  is  often  required 
to  surmount  activatio,.  iers.  Both  gas-phase  and  gas-surface  chemical  processes 
have  been  studied  in  this  way.  In  this  paper  results  of  the  application  of  translational 
spectroscopy  to  study  of  chemical  reactions  at  single  crystal  metal  surfaces  are  described. 

To  place  these  and  related  studies  in  context,  we  must  mention  that  both  thermal 
and  hypothermal  beam-surface  scattering  are  long-established  techniques  of  surface 
science.  They  have  been  used  as  a  diagnostic  to  provide  surface  structural  information. 
More  importantly  here,  they  have  also  been  used  to  determine  the  topography  of 
gas-surface  potentials,  the  energy  dissipation  mechanisms,  and  the  residence  times  and 
sticking  probabilities  of  gas  atoms  and  molecules  on  surfaces.2  We  wish  in  this  paper 
to  explore  the  possibility  of  extracting  chemical  information  from  yet  higher  energy 
beam-surface  scattering  experiments. 

The  kinetic-energy  region  1-iOeV  is  clearly  in  the  activation-  or  ‘chemical-energy’ 
regime.  Several  groups  have  performed  scattering  experiments  at  these  energies.3  The 
interpretation  of  these  experiments,  however,  is  complicated  by  the  difficulty  of  efficiently 
detecting  neutral  reaction  products.  Furthermore,  sticking  probabilities  can  be  quite 
high.  Increasing  the  collision  energy  can  potentially  remove  both  difficulties;  however, 
additional  complications  arise.  If  the  projectile  energy  is  too  high,  surface  damage,  and 
penetration  of  the  beam  may  occur.  Furthermore,  the  relevance  of  such  high-energy 
collisions  to  the  interaction  between  the  same  reactants  at  ‘chemical  energies'  may  be 
questioned. 

Aiding  such  ‘high-energy*  (tens  of  eV  so  several  keV)  investigations4,5  is  the  apparent 
lack  of  strong  coupling  between  the  components  of  the  projectile  motion  perpendicular 
and  parallel  to  the  surface,  for  small  angles  of  incidence  of  the  beam  to  the  surface.5 
At  sufficiently  small  angles,  the  surface  corrugation  is  hardly  visible,  ‘shadowing’  prevents 


i 


2 


Reactive  Collision  with  Surfaces 


multi¬ 

channel 

plate 


FI*.  1.  Schematic  diagram  of  the  time-of-flight  spectrometer  [shown  for  an  N}  beam  and  an 

Ni(lll)  target]. 


damage  and  penetration  of  the  surface  layer,  and  variation  of  this  incidence  angle 
permits  us  to  approach,  arbitrarily  closely,  thermal  velocities  or  chemical  energies  in 
that  component  of  the  projectile  motion  perpendicular  to  the  surface.6 


Experimental 

Experiments  were  performed  under  ultra-high-vacuum  conditions,  using  a  pulsed  mass- 
analysed  molecular  ion  beam  of  either  reactive  or  non-reactive  gas  species.  This  beam 
is  incident  at  a  small  angle  (typically  5  °)  to  the  surface  of  a  single  crystal.  Crystals 
were  spark  cut,  aligned  and  mechanically  polished,  then  mounted  in  the  vacuum  chamber 
and  further  polished  to  atomic  flatness  by  sputtering  with  a  low-energy  inert-gas  beam 
(typically  1  keV  Ne+)  incident  at  a  glancing  angle  to  the  surface.  The  surface  flatness 
can  be  monitored  by  observing  the  angular  distribution  of  scattered  particles.  Initially, 
a  very  broad  angular  distribution  is  observed,  owing  to  scattering  from  steps  and  defects. 
After  several  hours  to  days  of  sputtering  and  annealing,  a  sharply  peaked  angular 
distribution,  indicative  of  an  atomically  flat  surface,  can  generally  be  obtained.7  The 
cleanliness  of  the  surface  is  monitored  by  low-energy  ion  scattering8  or  recoil9  spec¬ 
troscopy. 

Scattered  ‘reaction  products’  are  currently  analysed  using  a  time-of-flight  spec¬ 
trometer  with  an  acceptance  cone  angle  of  1.2°  at  a  fixed  scattering  angle  of  10°. 
Scattered  ions  are  accelerated  in  the  1.2  m  flight-tube  (fig.  1).  This  permits  both  their 
separation  from  the  neutral  products  in  the  detected  time-of-flight  distribution  and  their 
mass  identification.  The  flight-time  resolution  is  typically  0.2%.  The  vibrational  and 
rotational  temperatures  of  molecular  ions  extracted  from  the  plasma  ion  source  are 
presently  unknown. 


Results 

We  have  measured  the  velocity  distributions  of  the  products  of  small-angle  scattering 
of  (variously)  H?,  Ht,  N2+,02+,C0+  and  C02+  from  Ni(lll),  Ni(110),  Al(110),  Ag(lll) 
and  Si(100)  surfaces*'10'16  in  the  projectile  energy  range  100-3000  eV.  As  an  example, 
the  product  energy  spectrum  for  990 eV  N2  scattered  from  Ni(lll)  is  shown  in  fig.  2. 
Clearly,  N2  can  survive  the  collision  without  dissociating.  The  high  dissociation  energy 
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Fig.  2.  Kinetic-energy  distributions  of  neutral  and  ionized  products  of  the  scattering  of  990  eV 
N2  from  an  Ni(lll)  surface.15  Scattering  angle  10°,  incidence  angle  5°.  •,  Neutrals  (N  +  N2); 

O,  N*;  A,  N2*. 


of  N2  can  survive  the  collision  without  dissociating.  The  high  dissociation  energy  of 
N  2  (8.7  eV),  or  of  N2  (9.7  eV),  however,  does  not  preclude  accompanying  high  vibrational 
or  rotational  excitation.  That  this  does  not  in  fact  necessarily  accompany  all  collisions 
is  dramatically  obvious  from  fig.  3,  where  the  time-of-flight  spectrum  of  the  products 
of  1000  eV02  scattering  from  Ag(lll)  is  reproduced.  Here,  a  significant  yield  of  02 
is  observed.  This  ion  is,  however,  stable  against  autodetachment  only  in  its  lowest 
vibrational  states  (u  =  0-2).  Furthermore,  we  can  see  from  fig.  2  and  3  that  charge 
exchange  occurs  in  these  collisions  with  high  efficiency.  In  fig.  2,  the  ratio  of  neutral 
to  positive  ionic  products  is  of  the  order  of  104,  while  for  the  G2/Ag(Ul)  interaction 
(fig.  3),  this  ratio  is  greater  than  2  x  103,  and  in  addition,  a  second  charge-transfer  step 
occurs,  leading  to  negative-ion  formation.  The  yield  ratio  (OJ  +  0')/(02  +  0)  is  0.01, 
with  the  degree  of  dissociation  being  large  for  the  neutrals  [0/(0 +  02)  =  0.9],  and  small 
for  the  negative  ions  [O'/(O'  +  OJ)  =  0.1J.  All  ratios  have  been  computed  using 
integrated  peak  yields. 

The  projectile  energy  dependence  of  the  O'  yield,  normalized  to  the  total  number 
of  nuclei  scattered  into  the  solid  angular  range  of  the  detector,  is  shown  in  fig.  4.6  The 
O"  yield  exhibits  a  definite  threshold  at  co.  2400  eV  projectile  energy,  whereas  the 
O-atom  yield  increase  at  this  energy  is  barely  perceptible.  The  explanation  for  this 
behaviour  is  presented  in  the  Discussion. 

Fragmentation  spectra  corresponding  to  the  scattering  of  480  eV  CO*,  N2 ,  C02  and 
02  from  an  Ni(110)  surface  are  summarized  in  fig.  5.  The  anticipated  positions  of 
possible  negative  ion  species  are  shown.  If  we  assign  the  peaks  superimposed  on  the 
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Flf.5.  Time-of-flight  spectra  of  the  products  of  specular  scattering  of  480  eV  CO+  (a),  480  eV  COJ 
(b),  480  eV  Nj  (c),  and  490  eV  CO 2  (d),  from  an  Ni(l  10)  surface.14  The  anticipated  positions  of 

CO2,  O”  and  O2  are  indicated. 


broad  distribution  of  the  neutral  species  to  surviving  molecules,  we  conclude  that  N2 
and  CO  undergo  negligible  dissociation.  The  ratio  N2/(N2  +  0.5N)  =  0.94  and  CO/(CO  + 
0.5C  +  0.50")  =  0.96.  This  is  in  contrast  to  C02  and  02,  which  predominantly  dissociate. 
Clearly,  the  electronic  structure  or  configuration  of  the  molecule  strongly  influences  the 
outcome  of  its  interaction  with  a  given  surface. 


Discussion 

Central  to  any  attempt  to  relate  the  results  of  these  experiments  to  our  understanding 
of  adsorption  and  reaction  at  surfaces  is  the  question  of  the  influence  of  the  beam 
energy.  This  differs  by  2-3  orders  of  magnitude  from  that  conventionally  associated 
with  adsorption  and  reaction  studies.  We  have  already  briefly  addressed  the  apparent 
lack  of  strong  coupling  between  the  components  of  the  projectile- motion  perpendicular 
and  parallel  to  the  surface.  In  addition,  recent  molecular  dynamics  calculations17  have 
shown  that  the  hard-cube  model  of  scattering"  is  more  appropriate  at  keV  energies  and 
glandng-inddence  scattering  geometries  than  for  the  thermal  and  hyperthermal  energies 
(and  non-glandng-inddence  scattering  geometries)  for  which  it  was  developed.  Further¬ 
more,  we  have  recently  observed  the  transient  adsorption  of  a  keV  atomic  ion  beam 
(inddent  at  glandng  angles)  on  crystal  surface."  The  mechanism  of  adsorption  does 
not  appear  to  differ  in  essence  from  that  responsible  for  adsorption  at  thermal  energies.20 


6  Reactive  Collision  with  Surfaces 

The  energy  dissipated  by  the  projectile  appears  primarily  in  excitation  of  the  substrate 
(electron-hole  pair,  plasmon  and  phonon  excitation).  As  a  consequence,  a  large  part 
of  the  topography  of  the  interaction  potential-energy  surface  may  be  probed  during 
the  scattering  event,  including  that  portion  corresponding  to  adsorption  or  reaction 
equilibrium. 

The  collision  time  is  large  compared  to  the  timescale  for  electronic  processes.  We 
therefore  expect  that  we  can  both  establish  and  access  the  various  adiabatic  electronic 
states  of  the  collision  system.  The  collision  time  is,  however,  comparable  to  molecular 
vibration  times.  We  therefore  expect  that  we  can  probe  in  such  collision  experiments 
intermediate  states  which  may  be  dissociative  or  short-lived  on  the  timescale  of  KT14  s. 

The  data  of  fig.  2-5  exemplify  these  ideas.  Both  N2  and  CO,  for  example,  are  known 
to  adsorb  molecularly  on  Ni(l  10).21-22  We  observe  negligible  dissociation  in  our  scatter¬ 
ing  experiments  (fig.  5).  Static  adsorption  and  hyperthermal  molecular-beam  studies  of 
the  interaction  of  C02  with  Ni(110)  implicate  a  COJ  intermediate  in  the  dissociative 
(CO  +  O)  chemisorption  of  C02  on  Ni(  1 10).23  We  clearly  observe  significant  dissociation, 
and  clear  evidence  for  the  C02  intermediate  (fig.  5).  Oxygen  is  known  to  adsorb 
atomically  on  Ni(l  10),24  but  no  O  J  intermediate  has  been  identified  in  static  experiments, 
even  at  low  temperatures.  We  observe  significant  dissociation  and  OJ  in  our  product 
distribution  (fig.  5).  We  suggest14  that  dissociative  chemisorption  of  02  on  Ni(110) 
indeed  proceeds  via  an  02  intermediate.  To  explain  the  discrepancy  between  the 
scattering  and  low-temperature  adsorption  results,  the  activation  barrier  between  the 
OJ  and  O+O  regions  of  the  potential-energy  surface  must  be  either  non-existent,  or 
of  the  order  of  the  vibrational  energy  of  the  02  (v  =  0)  species. 

Molecular  oxygen  is  known  to  be  adsorbed  molecularly  on  Ag(lll)  at  thermal 
energies,25  yet  our  scattering  data  (fig.  3),  differ  little  from  those  obtained  for  Ni(llO) 
(fig.  5),  where  oxygen  is  adsorbed  atomically.  This  shows  one  influence  of  the  high 
beam  energies  normal  to  the  surface.  We  can  always  choose  conditions  such  that  we 
have  sufficient  energy  available  to  surmount  any  or  all  activation  barriers. 

We  observe  O  '  in  fig.  3.  The  dependence  of  the  0~  yield  on  incident  02  beam 
energy  was  shown  in  fig.  4.  Below  E0-  *  2400  eV,  little  O'  is  observed.  The  neutral  O 
atoms  we  observe  at  all  energies  (fig.  4)  appear  to  arise  from  charge  capture  by  the 
dissociative  02 II  states.5  It  is  energetically  unfavourable  for  molecules  possessing  this 
electron  configuration  to  capture  a  second  electron.  The  O'  ions  arise  from  capture  of 
a  second  electron  by  molecules  in  the  neutral  ground-state  configuration.  The  threshold 
we  observe  corresponds  to  the  threshold  for  collisional  dissociation  of  such 
molecules.1617  We  attribute  the  small  O'  yield  below  E0*  =  2400  eV  to  collisional 
dissociation  at  defects  on  the  surface.  We  conclude  that  we  either  do  not  efficiently 
access  that  region  of  the  potential-energy  surface  corresponding  to  dissociative 
chemisorption,  or  that  if  we  do,  the  probability  of  remaining  in  that  channel  is  exceedingly 
small.  Which  (if  any)  of  these  possibilities  is  correct  might  be  answered  by  performing 
trajectory  calculations  on  the  interaction  PES.  A  model  PES  for  the  02/Ag(lll) 
interaction  has  recently  been  constructed.26 

The  neutral  component  of  the  product  distributions  (fig.  2,  3,  5)  certainly  contain 
atoms,  since  particles  are  observed  at  velocities  exceeding  the  velocity  of  the  incident 
beam.  In  the  above  analysis,  we  tentatively  associated  the  sharp  peak  on  the  broad 
atom  distribution  with  neutral  molecules.  We  also  attributed  the  formation  of  netural 
atoms  (at  least  at  low  incident  energies)  to  dissociative  attachment  reactions.  Similar 
reactions  in  the  gas  phase  often  produce  double-peaked  atom  time-of-flight  or  kinetic- 
energy  distributions.  Our  distributions  may  also  have  a  double-peaked  structure,  which 
is  masked  by  the  neutral  molecule  peak.  Other  explanations,  such  as  overlap  with  a 
third  component  (owing,  for  example,  to  collisional  dissociation  of  neutral  molecules), 
broadening  of  the  distributions  caused  by  inelastic  and  elastic  losses,  and  orientation 
and  apparatus  function  effects  are  under  investigation. 
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Fig.  6.  Ionization  potential  curves  of  the  lowest-lying  electronic  states  of  the  H2  molecule  compared 
with  a  simplified  Al(100)  density  of  states.  Electron  capture  from  the  metal  to  both  the  X 
and  b  3X*  states  of  the  molecule  is  allowed  over  a  wide  range  of  intemuclear  separations,  R.  The 
distribution  in  R  values  in  experiments  of  the  type  described  here  is  determined  by  the  vibrational 
population  distribution  in  the  H2  ion.  The  approximate  range  for  the  t>  =  0  vibrational  state  is 
indicated  by  the  dashed  vertical  lines.28 


Fig.  7.  Dependence  on  H2  molecular-axis  orientation  to  the  surface  normal  of  an  Al(l  10)  surface 
of  charge  capture  and  exit  in  the  X  'X,  and  b  3XJ  channels29  (perpendicular  component  of  the 
beam  energy,  £±  *  1  eV;  initial  intemuclear  separation  in  H2,  R,  =  2  a.u.).  (a)  PT  (Ex  =  \  eV),  (6) 

P,(E±  - 1  eV). 
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Reactive  Collision  with  Surfaces 

The  surface  in  our  experiments  defines  an  axis  which  can  strongly  influence  the 
probability  of  charge  transfer  to  energetically  accessible  electronic  states  of  different 
symmetry.28  The  interaction  of  H2  with  Al(l  10)  provides  a  simple  example  (fig.  6).  The 
dependence  on  the  molecular-axis  orientation  of  the  probability  of  exciting  in  either 
the  X  'Sg  (bound)  or  b  (dissociative)  state  is  shown  in  fig.  7. 29  For  molecular-axis 
orientations  parallel  to  the  surface,  exit  in  the  dissociative  channel  is  strongly  depressed. 
Such  effects  should  be  easily  measurable  directly  using  position  sensitive  coincidence 
detection  techniques.  These  effects  can  also  strongly  influence  the  interpretation  of 
experimental  results  obtained  with  apparatus  such  as  that  illustrated  in  fig.  1,  which 
selects  only  a  limited  range  of  molecular  axis  orientations.27,29 

Conclusions 

A  correlation  between  the  results  of  glancing  incidence,  energetic  molecular  ion  beam- 
surface  scattering  experiments  and  adsorption  and  reaction  phenomena  at  thermal  and 
hyperthermal  energies  has  been  established.  The  effective  energy  of  the  beam  perpen¬ 
dicular  to  the  surface  can  be  tuned  easily  to  overcome  activation  energy  barriers.  In 
future,  measurements  using  orientated  beams,  or  experiments  which  measure  (after 
scattering)  the  molecular-axis  orientation  during  scattering,  should  be  feasible.  Using 
these  techniques,  both  energetic  and  orientational  barriers  to  adsorption  and  reaction 
on  surfaces  may  be  investigated  in  detail.  Furthermore,  the  similarity  of  the  collision 
and  molecular  vibration  times  permits  the  identification  and  investigation  of  reaction 
intermediates  which  may  not  be  detectable  by  static  spectroscopies.  Combined  with 
trajectory  calculations  on  model  potential-energy  surfaces,  we  expect  energetic  beam- 
surface  scattering  techniques  to  provide  significant  and  valuable  insights  into  the 
dynamics  of  adsorption  and  reaction,  both  molecular  and  dissociative,  on  surfaces. 
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